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ABSTRACT 
 
The Impact of Morphology on the Performance of Green Solvent Processed Organic 
Electronic Devices 
 
by 
 
Mark Alan Burgers 
 
Organic photovoltaics have received a large amount of attention in recent years due to 
their potential for relatively low cost fabrication, light weight and flexible devices, and 
because of their high solubility, inkjet printing and roll-to-roll processing. Thanks to the new 
development of novel materials and methods for controlling self-assembly, organic 
photovoltaics have achieved over 10% efficiencies. One issue that has received relatively 
little attention is the types of solvents used for processing, mainly their toxicity and 
sustainability. Recently we discovered the use of a green solvent, 2-MeTHF, from which to 
process the semiconducting layer. Here we further investigate the feasibility of using 2-
MeTHF as a processing solvent for a wide array of molecular donors by device fabrication, 
electrical and morphological characterization. We also investigated the processing of two 
novel non-fullerene acceptors from 2-MeTHF, and characterized their morphologies and 
evaluated their efficiencies. 
  xi 
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Chapter 1: Introduction & Background 
1.1 Organic Semiconductors 
Organic semiconductors are an extremely interesting class of material that have 
recently garnered a large amount of academic and industrial attention due to their relatively 
low cost, inherent flexibility, and ease of device fabrication. While these properties are quite 
simple to understand the phenomenon by which polymers and small molecules are able to 
transport charge is more complex. The charge transporting properties of organic 
semiconductors stems from the nature of sp2 carbons to form pi-bonds. When many of these 
pi-bonds come together they form a pi-conjugated system. This delocalized nature allows for 
electronic communication across an entire molecule, and even across other, similarly 
delocalized, systems. With a wide variety of hetero-atoms and modular functional groups 
the optical, and electronic transport properties can be finely tuned using organic synthesis, 
leading to a near infinite amount of possible polymeric and molecular structures.  
 Due to the large amount of disorder, both morphologically and electronically, in bulk 
samples of organic semiconductors, the charge transport mechanism is quite different. 
Instead of fast transport through well-defined bands, organic semiconductors transport 
charges by a thermally activated hopping mechanism. Because of this performance 
limitation the goal of organic semiconductors was not to out-perform their inorganic 
counterparts, but rather to reduce production costs of devices, or afford new device 
properties (e.g., flexibility, transparency) that conventional semiconductors struggle to 
achieve. In the last decade organic semiconductors have made their way into the commercial 
market, most notably with organic light emitting diodes (OLEDs) being used for displays in 
both smartphones and televisions. 
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OLEDs,1 organic photovoltaics (OPVs),2 and organic field effect transistors 
(OFETs)3 have all seen great improvement in the last few years. These performance 
increases are thanks to efforts in molecular design,4,5 morphology control,6–8 and device 
engineering.9,10 The desired properties of the semiconductor used will vary depending on 
which type of device it will be used in, for example in OLEDs strong luminescence and high 
quantum yield are desired,11 while a broad absorption profile and good charge carrier 
mobilities are desired for OPVs,12,13 and a high charge carrier mobility leads to good 
transistor performance.14 Since each organic optoelectronic device emphases different 
properties, the impact of different functional groups on the bulk properties has been an 
active area of study. 
All Photovoltaics, organic and inorganic, are evaluated using the same equation for 
power conversion efficiency (PCE) shown in the equation below, and a typical JV curve is 
exhibited in figure 1.1 below indicating important characteristics.  
𝑃𝐶𝐸 =
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹
𝑃𝑖𝑛
 
Jsc stands for short circuit current, and represents the amount of charge carriers collected at 
the electrodes. This charge carrier generation is directly related to the total number of 
incident photons absorbed. The total number of absorbed photons can be controlled in a few 
different ways, such as increasing the film thickness and narrowing the bandgap.15 Voc stand 
for open circuit voltage, or the bias that needs to be applied in order to have zero current 
flowing through the device. The Voc is proportional to the energy difference between the 
highest occupied molecular orbital (HOMO) of the donor material and the lowest 
unoccupied molecular orbital (LUMO) of the acceptor material. By tuning the energy levels 
of the donor and the acceptor, the Voc can also be controlled.
16  FF, or fill factor, is a value 
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that compares the amount of charge carriers collected, to the charge carriers generated. By 
improving the overall charge carrier mobility as well as ensuring a well-balanced electron 
and hole mobility FF can be improved.17,18 
  
Figure 1.1. A typical current voltage (JV) curve of a photovoltaic. The short circuit 
current, open circuit voltage, and maximum power point are indicated. The method by 
which fill factor is calculated is also shown 
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1.2 Bulk Heterojunction (BHJ) Solar Cells 
Due to the significantly lower dielectric constant of organic materials, compared to 
their inorganic counterparts, when an organic semiconductor absorbs light that excited 
electronic state (exciton) acts like an electron hole pair that struggle to create separate and 
mobile charge carriers. This strong coulombic attraction between the electron and hole can 
be screened by the dielectric field of the material, but in organics it is not enough to 
overcome the coulombic binding energy, and because of this a donor (p-type) and acceptor 
(n-type) heterojunction must be utilized to separate and transport charges. There are two 
different types of heterojunctions that are used in the study of OPVs: a planar heterojunction 
and a bulk heterojunction (Figure 1.2). A planar heterojunction, more commonly a bi-layer 
device has a very well defined interface between the donor and acceptor phase at which 
charge separation will occur. Since charges can only be separated at this interface, only the 
Figure 2.2. A cross-sectional representation of the morphologies of a) a Planar 
Heterojunction and b) a Bulk Heterojunction. The blue and orange colors represent donor 
and acceptor phases. 
  5 
excitons that can physically diffuse to the interface will become separated. This means that 
the thickness of any absorbing layer must be within the range of the exciton diffusion length, 
~ 15 nm for most organic semiconductors.19,20 This restriction on thickness greatly decreases 
the total amount of potential light that can be harvested for energy production. 
Planar heterojunctions are most commonly made by thermal evaporation, or solution 
processing of a donor material, followed by thermal evaporation of the acceptor material, 
usually Fullerene (C60). By creating a more soluble fullerene derivative, Phenyl C61 butyric 
acid methyl ester (PC61BM) shown in Figure 1.3, and solution processing together with the 
donor material an interpenetrating network of donor and acceptor phases can form.21 This 
donor/acceptor network significantly increases the interfacial area between the two phases 
allowing for improved charge separation. With this network spanning the entirety of the 
film, the exciton diffusion length no longer becomes the limiting factor for film thickness. 
Controlling the morphology of these two phases is quite difficult, and has a major focus of 
research in the field of OPVs.2,22–24 Controlling the phase separation between the donor and 
Figure 1.2. Chemical structures of some of the first, and widely used electron donor 
materials (Three on the left). On the far right is the soluble fullerene derivative, PC61BM, 
that is still considered to be the highest performing electron acceptor. 
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acceptor is a fine balance. If the phases become too large then excitons will decay before an 
interface is reached, geminate recombination, and if either phase is too small then a large 
amount of potential recombination sites will form and while charge separation will occur the 
system will greatly suffer from non-geminate recombination.25,26 
The first conjugated polymers used for OPVs were poly p-phenylene vinylene (PPV) 
derivatives such as poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-
PPV),21 poly[2-methoxy-5-(3’,7’-dimethoctyloxy)-1,4-phenylenevinylene] (MDMO-
PPV),27,28 and poly[3-hexylthiophene] (P3HT)29 shown in Figure 1.3. While these materials 
worked quite their wide bandgaps lead to an absorption profile that had a mismatch with the 
solar irradiance spectrum. To reconcile this mismatch, a narrower bandgap donor must be 
used; however, certain aspects must be taken into account.  If the HOMO of the donor is 
raised then the Voc of the system will suffer, and if the LUMO of the donor is lowered then 
the driving force for charge transfer between the donor and acceptor will be reduced. What 
had to be done was that the HOMO and LUMO must have been moved together to allow for 
a narrower bandgap, high Voc from the deeper HOMO, and still have a strong driving force 
for charge separation with a shallower LUMO. By using what is called a push-pull structure 
Table 1.1. Comparison of bulk heterojunction solar cell performances using the older 
generation MDMO-PPV, and P3HT donor polymers, to the new generation of donor-acceptor 
polymers. 
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narrow bandgap materials with broad absorption have been obtained.30–32 This push pull 
architecture was obtained by connecting electron donating groups, such as 
cyclopentadithiophene or carbazole, to an electron withdrawing moiety, such as 
benzothiadiazole derivatives, to form a repeated donor-acceptor sequence. This new donor-
acceptor (D-A) polymer structure was able to significantly improve device performance 
when compared to the previously used MEH-PPV and P3HT donors as shown in table 1.1. 
The Voc dropped for the D-A polymer, which was expected due to the raising of the HOMO 
to narrow the bandgap. The fill factor also dropped when using the D-A polymer, which is 
likely due to a slight decrease in charge separation caused by dropping of the LUMO. Both 
of these drawbacks when using the D-A polymer are counteracted by a significant increase 
in the Jsc, 3 times greater than MDMO-PPV and almost two times greater than P3HT, thanks 
to the increase in photon flux at the blue end of the visible spectrum. With the introduction 
of the D-A polymer an even larger number of potential donor polymer structures can be 
investigated. 
1.2.1 Small Molecule Solar Cells 
Organic Solar cells have received a large amount of attention due to their ability to 
be solution processed, like an ink, which can allow for large area device fabricated by roll to 
roll processing. Conjugated polymers were initially used in these studies because of their 
favorable film forming properties; however, conjugated small molecules can also be 
processed in the same method as conjugated polymers. The field of conjugated small 
molecule donors received very little attention, but now small molecule based solar cells have 
achieved power conversion efficiencies that rival their polymeric counterparts.33 Both 
polymers and small molecules do have their issues though. Polymers performance suffers 
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greatly from batch-to-batch variability,34 and optoelectronic properties can be heavily 
dependent on molecular weight and poly dispersity.35–37 By switching to small molecule 
donors the impact of molecular weight on device performance can be detangled from the 
inherent optoelectronic properties of the structure, and the issue of batch-to-batch variability 
can be solved by using standard organic purification techniques such as column 
chromatography. Conjugated small molecules do have their drawbacks though, lower 
viscosity at the same concentration as a polymer making a higher solubility a necessity in 
order to achieve thick films, and much higher crystallinity leading to large degrees of phase 
separation.38 With these issues facing small molecules, clever molecular design must be 
used to mitigate the problems facing the field. This section will briefly introduce two classes 
of small molecule donors: diketopyrrollopyrrole (DPP) core molecules, and modular donor-
acceptor small molecules.  
The majority of early small molecule donors comprised of oligothiphenes, and 
soluble acenes which all performed quite poor. In fact, the vast majority of these compounds 
Figure 1.3. Structures of a few of the DPP based small molecule donors for organic 
solar cells synthesized in the Nguyen group. 
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were never able to achieve efficiencies greater than 2%. By using the idea of a donor-
acceptor structure the Nguyen group was able to synthesis several soluble small molecules 
with a DPP core and thiophene or benzofuran end groups (Figure 1.3).39–42 DPP is a well-
known material and is used in industrial inks and pigments due to its strong light absorption, 
stability, and ability to be synthesized on a large scale which makes them ideal candidates 
for organic photovoltaic materials.43,44 SM1 was the first molecule that  was investigated and 
achieved significant performance at the time; however, the morphology was unstable due to 
the alkoxy linkages on the DPP core,42 these linkages were replaced with a hexyl (SM2)40 
and ethyl hexyl (SM3)41 groups leading to much more stable morphologies and yielded 
devices that, at the time, were the highest performing small molecule based solar cells. Then 
by replacing the terthiophene end groups with a more electron with drawing benzofuran 
(SM4) the band gap was widened, but the Voc received significant improvement leading to 
an overall improvement in device performance.39 The J-V characteristics for these four 
molecules are summarized in the table below. These new DPP based small molecules led to 
a massive breakthrough in the solution process small molecule solar cells, and opened the 
field to rapid improvement. 
Table 1.2. Summarized J-V characteristics of SM1, SM2, SM3, and SM4. A series of 
DPP based small molecule donors synthesized by the Nguyen group. 
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With the success of these DPP based small molecules, solution processed small 
molecules have been pushed to the forefront of organic photovoltaic research. With the 
understanding of how donor and acceptor moieties can impact the bandgap of a material, the 
Bazan group started work on making modular donor-acceptor molecule that would be able 
to achieve high performance. By implementing a D1-A-D2-A-D1 architecture extended 
Figure 1.4. Chemical structures of several high performance molecular semiconductors 
that utilize the modular donor-acceptor architecture. 
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conjugation length, as well as favorable intramolecular charge transfers could be obtained. 
Using internal donors that differed from the external donors also allowed for the series of 
materials to take on a modular nature. The first molecule to implement this architecture 
(SM5) used a silolodithiophene (SDT or DTS) core, pyridylthiadiazole (PT) acceptor, and a 
bithiophene wing, shown in figure 1.5. Because of this new core and architecture, SM5 had 
astonishing success achieving power conversion efficiencies of 6.7%, thanks to a more red 
shifted and broader absorption profile, as well as greatly improve charge transport due to the 
improved crystallinity afforded by the silicon bridge head atom in the DTS.45 SM5 had one 
major drawback though, the lone pair of electrons in the pyridyl nitrogen has a slightly basic 
nature and would be protonated by the acidic proton from the common anode buffer layer, 
poly[3,4-ethylenedioxythiophene]:polystyrene sulfonate (PEDOT:PSS), and in order to 
achieve optimal performance required the use of thermally evaporated molybdenum oxide.46 
By replacing the pyridyl nitrogen with a carbon fluorine bond, this protonation issue was 
solved, and devices could be fabricated using PEDOT:PSS,47 and while the protonation 
issue was the main focus, the addition of a carbon fluoride bond also severed another 
Table 1.3 Summarized J-V characteristics of a few high performing molecular 
semiconductors utilizing a modular donor-acceptor architecture. 
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purpose, phase separation. The addition of fluorine to the material allowed for significant 
phase separation and promoted crystallinity, allowing for very efficient charge transport 
pathways to form and significantly improve the fill factor of the devices.48 By utilizing the 
modular nature of SM6 the SDT core was exchanged for a silaindacenodithiophene (SIDT) 
core in order to synthesize SM7.49 Since SIDT group was less electron rich than the DTS 
group, the result would be a blue shifted absorption, but more important, the HOMO would 
drop yielding a much higher Voc, and this was in fact the case increasing the Voc by 100 mV; 
however, because HOMO was dropped and the LUMO remained nearly the same, the 
bandgap widened and the improved current production brought about by narrower bandgaps 
was lost, resulting in a decrease in Jsc by nearly 2 mA/cm
2. Interestingly, SM7 has 
significantly different packing properties to compared SM5, and SM6. The molecule appears 
to adopt a cross weave packing style, and has an out of plane molecular orientation, unlike 
the other two small molecules which exhibit an in plane orientation further highlighting the  
importance of understanding structure to property relationships.24,45,47,49 
With the emergence of high performance small molecule solar cells an interesting 
correlation that molecular semiconductors had significantly different optimal processing 
conditions from conjugated polymers.50,51 In order to better bridge the processing gap 
between conjugated small molecules and conjugated polymers. The Bazan group began 
working on developing a series of oligomeric small molecules of varying length.4,52 These 
new molecular semiconductors expanded the molecular length of the well-studied SM5 
using a D1-A1-D2-A2-D2-A1-D1 (SM8) and a D1-A1-D2-A2-D2-A2-D2-A1-D1 (SM9) 
architecture. As the molecular length increased the absorption was further red shifted and 
the thermal stability increased, exhibiting consistent mobilities at annealing temperatures  
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greater than 200 °C, whereas SM5 saw a greater than two order of magnitude drop in 
mobility between 100 °C and 150 °C annealing. The most interesting property of these 
extended molecular length semiconductors is the processing conditions required to achieve 
an optimal performance. Where SM5 requires the use of high boiling point solvent additives 
to achieve 6.7% efficiency, SM8 and SM9 are rather unique in that no high boiling point 
solvent additives are necessary, and instead merely require simple thermal annealing at 100 
Figure 1.5. P-type Charge carrier mobility (Blue Squares) measured by space charge 
limited current methods, Power Conversion Efficiency (Red Triangles), and Crystalline 
Correlation Lengths (Black Circles) extracted from x-ray measurements of the X2:PC61BM 
system across a range of donor compositions (80%-60%). 
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°C to achieve efficiencies of 5.8% and 7.4% respectively. Even more interesting was that 
SM9 exhibited a rather robust morphology, and would yield devices with efficiencies as low 
as 4.7% and as high as 6.6% between the range of 40% to 80% donor composition.53 
SM9:PCBM was also able to exhibit efficient charge carrier mobility as well as consistent 
crystalline correlation lengths across the investigated range, which has also been observed 
for both SM6 and SM7; however, neither of these materials were capable of maintaining 
high efficiencies outside a rather narrow donor content range.54 This class of extended 
molecular length semiconductors has received a large amount of attention recently55,56 and 
has exhibited quite favorable properties, such as composition tolerant performance,4,52,53 
high thermal stability,57 and interesting molecular orientations;58 this class of materials is a 
continually growing field and shows a lot of promise.  
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1.3 Conjugated Polyelectrolytes (CPEs) 
Conjugated polyelectrolytes (CPEs) are polymers containing a π-conjugated 
backbone with ionically functionalized pendant groups allowing for solubility in polar 
media.59 There has been a large number of applications for conjugated polyelectrolytes 
including biological and chemical sensors,60,61 thermoelectric devices,62,63 thin-film work-
function modifiers.10,64 The organic electronics field has taken full advantage of the work-
function modifying capabilities of CPEs and have used them as interlayers in light-emitting 
transistors,65,66 polymer light emitting diodes,67 and photovoltaic devices.68–70 The concept 
of work-function modification stems from the need to reduce injection barriers, particularly 
barriers to electron injection. 
Figure 1.6. General structure of a conjugated polyelectrolyte (CPE). The ionic 
functionalities can be modified to impact the solubility in certain solvents, packing 
orientation, solution aggregation, and charge carrier type. The π-conjugated backbone can be 
chosen to control the absorption and emission properties, as well as the 
semiconducting/conducting properties. 
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The majority of cathodes used in organic electronics are high work function metals 
such as Aluminum, Calcium, Barium, and Lithium Fluoride. All of these materials are quite 
unstable and reactive with oxygen, which becomes a major problem when considering long-
term stability of these devices. To envision stable, large area devices, these high work-
function metals must be removed from the devices, however as the work-function of the 
electrode is dropped the ohmic nature of the contact will decrease. In order to obtain an 
ohmic contact while using lower work-function metals the barrier to injection at the metal 
semiconductor interface must be decreased. When being used as a top contact interlayer, 
fabrication takes advantage of the solubility nature of a CPE. Thanks to its ionic 
functionality a CPE has solubility in highly polar/orthogonal processing solvents, allowing 
for the CPE to be spin coated on top of the active layer without disrupting the morphology 
below. While the film is forming, the nonpolar π-conjugated backbone will orient itself with 
the hydrophobic active layer, and the ionic pendant groups will protrude forming an 
interfacial dipole. Once the electrode is deposited on top of the layer, the interfacial dipole 
will interact with the metal causing a vacuum level shift, lowering the electron injection 
barrier allowing for lower work-function, and more chemically stable metals such as gold 
and silver to work as cathodes.64,71  
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1.4 Alternative Processing Solvents 
Recently there has been a movement in research towards technologies that have, as 
its core objectives renewable energy, sustainability, and environmental protection.72–74 
Solution processed organic electronics are a relevant case, with a promising vision of roll-to-
roll processing of light weight flexible devices, reducing manufacturing and installation 
costs. More importantly, organic electronics focuses on the use of earth abundant elements 
such as carbon, sulfur, nitrogen, and oxygen, unlike their inorganic counterparts which use 
rarer and more toxic elements such as lead, tin, and ruthenium.75–77 Organic electronics still 
have a major issue that goes against the concept of sustainability and environmental 
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protection, the solvents. The vast majority of high performance organic electronics are 
processed from halogenated and aromatic solvents, and use high boiling point halogenated 
solvent additives.2 In order to move towards a more sustainable future for the field, this 
problem must be addressed. 
There have been few reports of work in the field of alternative/non-halogenated 
solvents and they are a step in the right direction, however they still fall short of the goal of 
sustainability. Griffin et al. did work using a well know carbazole based polymer and 
compared the performances between processing with chlorobenzene and a binary solvent 
mixture of acetone and carbon disulfide.78 They were able to achieve significant 
improvement in device performance by using the binary solvent mixture, increase from 
5.5% to 6.6%, but despite their device improvements the use of such a harsh and dangerous 
chemical as CS2 does not fall in line with the concept of sustainability.
79 Similarly, Fu et al. 
showed quite promising work using non-halogenated solvents, o-Xylene, p-Xylene, and 
1,2,3,4-tetrahydronaphtalene (THN), for processing OFETs and compared the performances 
to processing from Dichlorobenzene (DCB).80 The DCB base devices exhibited a mobility 
of 0.26 cm2/Vs, while the p-xylene, and THN processed devices exhibited a mobility of 0.31 
cm2/Vs and 0.30 cm2/Vs respectively. Despite these improvements in device performance 
again the solvents used have  very well documented toxicities and carcinogenic 
properties.81,82 One of the most promising examples of using alternative solvents comes 
from work done by Sprau et al., focusing on the processing of a well know known 
conjugated polymer donor, PTB-7,25,83,84 from alternative solvents.85 They showed that 
device performance could be boosted by using anisole as the processing solvent in 
comparison to chlorobenzene or o-xylene; however, the devices also included the high 
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boiling point solvent diiodooctane.85 The work done, is a step in the right direction, but do 
not fall under the idea of sustainability that organic electronics has at its core. In order to 
achieve this goal more sustainable, “green” solvents must be used. 
1.4.1 Green Solvent Processed Organic Electronics 
 What makes a solvent a “green” solvent? For a solvent to be classified as a green 
solvent, it must have the following characteristics. It must be an environmentally friendly 
solvent or, preferably, biosolvent. It must have a low toxicity and have no carcinogenic 
properties. It must degrade to a naturally occurring or reusable product, and most 
importantly, it must be obtained from a renewable resource, such as agricultural waste.86 A 
few solvents that fall under this category are D-Limonene, which is derived from the 
processing of olives,86 2-methyltetrahydrofuran (2-MeTHF), and cyclopentyl methyl ether  
Figure 1.7. General reaction scheme for obtaining a) D-limonene and b) 2-MeTHF from 
their agricultural precursors. Reproduced from reference 86. 
  20 
(CPME), both of which are derived from corn cobs. 87,88 figure 1.7 shows the general 
synthetic scheme for obtaining D-limonene and 2-MeTHF.86 
 The largest issue facing the processing of organic semiconductors from these 
alternative solvents is the solubility.89,90 In order to improve the solubility in these more 
Figure 1.8. Structures used to study the impact of functional groups and heteroatoms on 
the solubility in ethyl acetate, and the films that were spun from the saturated solutions. 
Reproduced from reference 89. 
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polar media, Henson et al. compared the effect of using different heteroatoms, as well as 
pegilated side chains in a well-defined molecular chromophore (Figure 1.8). They found that 
when replacing the thiophenes with furans, there was a small improvement in solubility, ~2-
4 mg/ml soluble, and when replacing the alkyl sidechains with ethylene glycol units led to 
similar solubility improvements. The largest improvement came from using both furans and 
the ethylene glycol sidechains, 15-18 mg/ml soluble. With the significant improvement of 
solubility, the impact of these new functional groups on the semiconducting nature was 
investigated through OFET measurements. It was found that the saturated mobility was on 
the order of 10-5 cm2/Vs, which is significantly lower than semiconductors of similar 
structure. This decrease is likely due to the use of a carbon bridgehead atom instead of 
silicon, and the ethylene glycol chains absorbing water and disrupting both transport and 
crystallinity.4,45,91,92 
 The next reasonable step forward was to use these new molecules in a solar cell 
architecture, but fullerene derivatives have little to no solubility in ethyl acetate, so the green 
solvent 2-MeTHF was investigated next. The commonly used PC61BM has less than 1 
mg/ml solubility in 2-MeTHF, but bis-PC61BM and PC61BC8 have a solubility of 15 mg/ml 
and 9 mg/ml respectively.56 When blending the newly soluble material from Henson et al.’s 
study, with the new fullerene derivatives there was little to no photovoltaic activity. Despite 
the lack of ethylene glycol solubilizing chains, and the bi furan building block, SM9 (figure 
1.4) was discovered to be highly soluble, ~25 mg/ml, in 2-MeTHF and given its ability to 
form robust and composition tolerant morphologies, it seemed like the best choice to further 
study green solvent processing for OPVs.56 Initial investigations revealed that the bis-
PC61BM based devices performed significantly lower than the PC61BC8 base devices making 
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the SM9:PC61BC8 system the focus of further investigation. The impact of processing from 
2-MeTHF on both the morphology and the optoelectronic properties, was compared to 
chloroform processed devices, figure 1.9. While the UV/Vis had no overall change between 
Figure 1.9. Optical and electronic measurements of SM9:PCBC8 system from 2-MeTHF 
(green) and CHCl3 (red). a) Normalized UV/Vis for SM9:PC61BC8 from the two solvents. b) 
J-V curves with JV characteristics for highlighted in the plot. c) EQE for SM9:PC61BC8 
devices with the integrated values written out. d) Space charge limited current Hole mobility 
measurements of the SM9:PCBC8 systems. Reproduced from reference 56. 
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the 2-MeTHF processed films and the CHCl3 processed films the electrical measurements 
all exhibited noticeable improvement when using 2-MeTHF. The power conversion 
efficiency improved by nearly half a percent, the collected current from the π-π* transition 
increases by 10% when processed from 2-MeTHF, and the charge carrier mobility has a 3 
times increase when processing from 2-MeTHF. In order to understand why the 2-MeTHF 
processed devices yielded an improvement the morphology was characterized by AMF, 
figure 1.10. There is little to any visually discernable difference between the 2-MeTHF and 
CHCl3 processed devices, but there is a little difference in the RMS roughness with the 
CHCl3 processed devices being slightly rougher. In order to investigate the impact of 
processing solvent on structural order, 2D-grazing incidence wide angle x-ray scattering 
(GIWAXS) was done, figure 1.11. This measurement can easily probe the structural order 
and molecular orientation of the thin films using high energy x-rays. For both solvent 
systems, the SM9 π-π stacking is predominately in-plane and the alkyl stacking is 
Figure 1.10. AFM measurements of the SM9:PC61BC8 system processed from a) 
CHCl3, and b) 2-MeTHF. Figure reproduced from reference 56. 
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predominately out-of-plane. By taking in-plane and out-of-plane line cuts the crystalline 
correlation length, a measure of crystallite size and quality, for the π-π stacking and the alkyl 
Figure 1.11. 2-D GIWAXS plots for a) CHCl3 processed and, b) 2-MeTHF processed 
films. C) line cuts from both the in-plane and out-of-plane directions for CHCl3 (red) and 2-
MeTHF (green) processed films. 
  25 
stacking can be determined.93 SM9 exhibited an alkyl/out-of-plane CCL of 11.9 nm and 12.4 
nm for CHCl3 and 2-MeTHF respectively, more importantly SM9 exhibited a π-π CCL 6.2 
nm and 6.8 nm for CHCl3 and 2-MeTHF respectively. This increase in structural order when 
processing from 2-MeTHF is likely the cause of the device improvements. This new 
discovery completely opens up the field of green solvent processing and will hopefully usher 
in a new focus of sustainability.  
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1.5 Non-Fullerene Acceptors 
Since the first BHJ organic solar cells were made fullerene derivatives, mostly 
PC61BM and PC71BM, have dominated the field as the best electron acceptors.
21 This is due 
to their highly delocalized LUMO allowing for accepting and transport of electrons in three 
dimensions, three reversible electrochemical reductions, high electron mobility, and their 
high propensity to aggregate forming both highly pure and mixed domains of the proper 
length for charge separation and transport. Despite these favorable properties, fullerene 
derivatives do have some rather significant drawbacks, weak absorption limiting the ability 
to harvest more light for energy production, limited optical and electronic tunability fixing 
the LUMO of the molecule leading to little control over Voc enhancement¸ high synthetic 
costs, hard to purify, and morphological instability due to aggregation over time. 
The main focus of materials design efforts in the OPV field had been on the 
development of high performance donors, that are more tailor-made towards fullerene based 
acceptors, and this has led to the development of solar cells exceeding 10% efficiencies. 
Designing and optimizing donors to account for the short comings of fullerenes, is a poor 
strategy and limits the other potential acceptors that can form optimal BHJ morphologies. A 
more modular approach to molecular design focuses on the development of non-fullerene 
acceptors (NFAs) to be used with the multitude of high performance polymers and small 
molecules. It is important to keep in mind that while some donors might perform well with 
PCBM, there might be factors in the optoelectronic properties, or self-assembly that will 
hinder the donor’s performance with some NFAs which makes it important to investigate 
these properties before the fact and pick the right donor to match the acceptor. 
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 Currently there are many different NFAs reported in the literature, each with their 
own interesting structure and falling into many different classes, but the scope of this review 
will only focus on two different types: perylene diimides (PDIs), and calamitic molecules 
(CMs). The vast majority of high performance NFAs reported in the literature are PDI 
derivatives due to their high electron mobilities and higher LUMO relative to PCBM.94–97 
PDIs tend to have very high crystallinity which leads to a large degree of phase separation 
Figure 1.12. Several different PDI derivatives that highlight the clever molecular design 
in order to properly inhibit the acceptor crystallization. Structures reproduced from 
references 95, 96, 98. 
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during film formation. This strong driving force for crystallization has led to interesting 
molecular design methods to reduce the crystallinity leading to a larger donor-acceptor 
interfacial area, but not so much as to prevent the development of efficient electron transport 
pathways. These recent efforts in PDI molecular design have led to a wide array of PDI 
based NFAs achieving efficiencies upwards to 8.5%, figure 1.12 and table 1.4.95,96,98  Li et 
al. found that by linking the PDI core a twist is introduced into the structure and this twist 
allows for reduced crystallinity of the PDI based molecules, and the degree of rotation 
between the two PDIs determines the degree of reduced crystallinity the NFA will have.96 
PDI3 exhibited a rotation of ~40° and a power conversion efficiency of 2.4% with the main 
performance decrease coming from the Jsc. When the angle of rotation was increased from 
40° to 53° in PDI5, there was an increase in device performance of nearly 1.5% attributed to 
significantly improved short circuit current. Subsequently further increase in the angle of 
rotation, from 53° to 62° yielded a performance increase of nearly 2.5%, again attributed to 
Table 1.4. J-V characteristic summary of the PDI based NFAs shown in figure 1.12. 
Data from references 95, 96, 98. 
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a massive increase in Jsc.
96 Finally, by increasing the twist angle to 76°, a massive 
improvement in Jsc and FF yielded a PCE of nearly 8.5%.
95 
These improvements in PDI based NFAs have led to a wide range of new structures 
to be developed in order to achieve higher and higher power conversion efficiencies, 
however they fail to address one major issue in the use of PDI derivatives, the limited 
optical tunability. Calamitic acceptors have begun to receive attention as another promising 
class of NFAs. By drawing on the donor-acceptor architecture of narrow bandgap polymers 
and small molecules, the absorption profile of these calamitic molecules (CMs) can be 
Figure 1.13. Calamitic non-fullerene acceptors with power conversion efficiencies 
ranging from 3% to nearly 7%. Reproduced from references 94, 99-104. 
  30 
controlled and tuned to compliment the absorption of specific donors. Figure 1.13 and table 
1.5 show the structures and device performance parameters of a few CMs with efficiencies 
ranging from 3% up to 6.8%.94,99–104 While the optical and electronic properties are much 
more tunable compared to the PDI based molecules, they tend to suffer much more from a 
lower driving force for phase separation.94 The first 3 CMs that are displayed exhibit this 
problem quite well, the core functional groups, fluorene or phenyl, tend to have a lower 
driving force for crystallization; however, once replaced by a more planar fused ring system, 
such as indacenodithiophene, can greatly improve crystallinity, and the use of polar 
functional groups, such as cyano, can lead to further improved phase separation and self-
assembly thanks to dipole alignment. This method of self-assembly is most apparent when 
comparing CM5 to CM8. The main difference between these two materials is the 
replacement of an indacenodithiophene core with an indacenodithienothiophene core, 
yielding an increase in fill factor by 11%. This increase in fill factor hints at the 
Table 1.5. Summarized J-V characteristics from calamitic NFAs shown in figure 1.13. 
Data from references 94, 99-104. 
  31 
development of more efficient transport pathways brought about by more crystalline 
domains. 
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1.6 Conclusions 
A great deal of attention has been given to organic photovoltaics in the past two 
decades developing new materials,21,45 device engineering,105,106 and operational 
understanding.107–109 It has been shown that through carful design, the energy levels, charge 
carrier mobility, and degree of crystallinity can be controlled using carful molecular 
design,52 and processing conditions.7 By the introduction of donor-acceptor architecture 
optical bandgaps were narrowed allowing for increased photon flux and improved short 
circuit current and open circuit voltage.110 This push-pull concept was then brought to the 
realm of small molecules where batch-to-batch variability and molecular weight 
dependences could be removed,45 and presenting an idea of a modular architecture.47 Using 
this modular architecture, molecular length could be controlled,52 or solubility could be 
affected by functional group modification.89 
Utilizing this idea of solubility modification, ethylene glycol chains were introduced 
to improve solubility in more polar solvents.89 Despite improving solubility in polar 
solvents, they had rather poor device performance, but that study further led to the usage of 
green solvents for device processing.56 This usage of green solvents for active layer 
processing started a push towards a more sustainable future of organic photovoltaics. 
Finally, by clever molecular design, non-fullerene acceptor based devices have been 
able to achieve comparable performance to fullerenes derivatives.95 Getting away from 
fullerenes allows for more control over the absorption profile, and energetics of the active 
layer blend. This also reduces the overall cost of devices, due to the costly synthesis of 
fullerenes and the inherent struggle to purify them. With this in mind perhaps the next step 
for organic photovoltaics is non-fullerene based devices processed from green solvents? 
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Chapter 2: Experimental Techniques 
2.1 Overview 
This chapter describes the general procedures used throughout this dissertation. This 
dissertations main focus is the processing of organic photovoltaics from green solvents. Due 
to need for high concentration solutions for processing, the solubility of many organic 
semiconductors had to be determined in 2-MeTHF. This method is outlined in section 2.2. 
The impact that processing conditions can have on device performance is closely tied to the 
film morphology, and a powerful tool for investigating the systems self-assembly is atomic 
force microscopy (AFM), described in section 2.3. While AFM is a powerful tool, it only 
can probe the surface morphology and only gives qualitative results regarding the film 
morphology, in order to gain quantitative results on structural order grazing incidence wide 
angle x-ray scattering will be done to further understand the effects of processing on self-
assembly (section 2.4). Optical absorption can also show the effects of processing on 
structural order and is outlined in section 2.5. 
In order to understand the impact of processing conditions on device performance, 
devices must be fabricated. Section 2.6 will go over the process of device fabrication 
focusing on thermal evaporation and spin casting. After the solar cells have been fabricated 
the testing and performance evaluation must be done, as described in section 2.7. If instead 
of solar cells, single carrier diodes were fabricated then the modified fabrication method, 
testing, and data work up process is outlined in section 2.8. 
Several other, more specific forms of characterization were utilized in different 
experiments; however, these techniques are more niche and will instead be described in their 
respective chapters. 
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2.2 Solubility Testing 
The most important factor for making a solar cell is the ability to process the active 
layer. Since all of the materials used in these studies have varying levels of solubility in 
different solvents the solubility must be determined. This was done by creating several 
dilute solutions of known concentrations and measuring their absorption (section 2.5). 
Because of the linear relationship between solution concentration and absorbance, a 
calibration curve could be set. Once this was done, a saturated solution of the material in 
question was made and then filtered through a 0.45 µm PVDF filter and diluted with a 
known amount of solvent until the absorbance fell within the calibration curve. The 
maximum concentration of the material was then back calculated using the diluted 
concentration determined from the calibration curve and the dilution factor. 
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2.3 Atomic Force Microscopy (AFM) 
Atomic force microscopy (AFM), although not being a quantitative, is a strong 
qualitative tool for investigating the surface morphology of thin film organic photovoltaics. 
Figure 2.1 shows a schematic of an AFM.1 A sample, usually one of the devices that has 
been previously tested, is attached to a metal puck and is mounted  on t op of a piezoelectric 
motor. A reflective cantilever is placed in a holder above the sample and a laser beam is 
aligned to reflect off the tip. A photodiode is then aligned to maximize the amount of 
reflected light collected. As the tip scans along the surface deviations in the surface lead to 
deflections in the cantilever causing the reflected laser to move away from its aligned 
position on the photodiode. There are two modes for AFM, contact and tapping, in the case 
of this work only tapping mode was used. 
Figure 1. Schematic illustration of an AFM. Image used from reference 1. 
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Tapping mode is a variant of contact mode, where the tip oscillates near it’s resonant 
frequency by a driving signal. As the tip approached the sample, interactions between the tip 
and the surface effects the magnitude of the oscillations. The sample is moved back and 
forth in the X and Y plane and the height is controlled by piezo motor. Changes in the 
surface chemistry can also lead to changes in the oscillation of the tip, causing a phase shift 
between the driving signal and the photodiode. This allows for the imaging of changes in 
composition despite no change in surface topology. This is quite desirable for blend films, 
which have quite smooth layers, but varying composition. Unless otherwise noted, all AFM 
presented in this dissertation was done in tapping mode on an Innova scanning probe 
microscope with silicon tips. 
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2.4 Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS) 
Similar to AFM, x-ray diffraction is a very strong tool for measuring the morphology 
and bulk film structural order for organic thin films. Unlike AFM, x-ray diffraction allows 
for both a qualitative and quantitative comparison of thin films.2 Many organic 
Figure 2.2. A comparison of the different types of detectors used for grazing incidence 
wide angle x-ray scattering, a) and b) show the use of 1-D or single point detector, while c) 
displays the use of a 2-D detector. 
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semiconductors tend to self-organize into regularly repeating patterns, also called crystal 
structures. This ability to self-assemble into ordered structures is a very desirable property 
allowing for decreased disorder of the electronic states and extended delocalization of 
orbitals across many sites, leading to improved phase separation, improved charge carrier 
mobility, and red-shifted/broadened absorption spectra improving the optical density. 
Having such a strong impact on the performance of organic semiconductors, being able to 
probe the degree of structural order is imperative for understanding the impact of 
morphology on device performance. 
In grazing incidence wide angle x-ray scattering (GIWAXS) x-rays are incident on 
the sample at a shallow angle, in order to increase the amount of film probed, and a small 
portion of those x-rays are diffracted by the crystallites in the film. The angle of diffraction 
is related to the intermolecular spacing in the crystallite, and the direction of the diffracted 
beam is related to the molecular orientation. Figure 2.2 highlights the different types of 
detectors that can be used in GIWAXS. A, and B use point detectors, which give a small 
amount of information regarding the angle of diffraction, but require lower energy x-ray. 
When using a point detector if both in-plane and out-of-plane diffraction were to be 
measured then a large amount of time must be spent to collect diffraction at so many 
different angles of rotation. 2-D detectors are a much more powerful tool for gaining insight 
into the full diffraction pattern of the sample, but requires high energy x-rays generated at a 
synchrotron. All GIWAXS measurements done in this dissertation were done on 2-D 
detectors at either Stanford Linear Accelerator, or Lawrence Berkeley National Lab 
Advanced Light Source. 
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Work up for the data obtained was done as followed. Using proprietary software, the 
2-D data was all converted into qxy, and qz space. Once converted, cake cuts were performed 
on both the in-plane and out-of-plane regions and a graph of signal intensity with respect to 
q was generated. Using peak fitting programs, the baseline was subtracted and the scattering 
peaks were analyzed. In order to obtain the intermolecular distance (d) the center of the peak 
was found and converted from q-space to real space using the Bragg equation (below).2 
𝑞 =
2𝜋
𝑑
 
Using the same peak fitting analysis, the crystalline correlation length (CCL), a 
measure of crystallite size and quality, can be determined. By obtaining the full width at half 
max for the peak and using the Scherrer equation to convert to real space will yield the CCL 
for the sample. This is a powerful tool for comparing the impact different processing 
conditions have on the morphology of the films. 
Samples for GIWAXS were prepared in the same manner as device fabrication and 
were spin coated on silicon substrates with a thin native oxide layer. Substrates were cleaned 
by sonication in Soapy water for 15 minutes, followed sonication in deionized water for 10 
min, then sonication in an acetone and isopropyl alcohol bath for 30 min each. After 
sonication, substrates were placed in a petri dish in a drying over for overnight. Directly 
before spin coating of the active layer, the silicon substrates were treated with UV/Ozone for 
30 min. 
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2.5 UV/Vis Absorption 
There are many properties required of a semiconductor to make a high performance 
photovoltaic, but the important property of any semiconductor related to solar cell 
performance is the ability to absorb light that does not get filtered by the ozone layer. This 
unfiltered range of light is essentially the visible spectrum, and the ability of a compound to 
absorb visible light is characterized by a UV-Vis absorption spectrum. Absorption is 
characterized by the excitation of an electron from the HOMO to the LUMO of the 
molecule, and for that excitation to occur light of an energy equal to or greater than the 
energy gap between the HOMO and LUMO must be incident on the molecule. This HOMO-
LUMO gap can effectively be called the band gap. This optical bandgap can be calculated 
using the onset of absorption and converting the wavelength in nanometers to energy in 
electron volts. 
Figure 2.3. Schematic diagram illustrating the components of the Beckman Coulter 
DU800 Spectrophotometer. 
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In UV/Vis spectrophotometer, UV light is generated using a deuterium lamp and 
visible light is generated using a tungsten filament lamp. The generated light is then 
combined and passed through a slit. After passing through the slit, the light is then split into 
all component wavelengths and a single wavelength can be selected using the diffraction 
grating. The monochromatic light is then passed through another slit and a filter, before 
finally being passed through the sample and collected at the detector. Before passing 
through the sample, the beam is split and detected at another detector to compensate for 
fluctuations in light intensity. The sample can either be a solution in a cuvette, or a thin film 
on glass or quartz substrate. Before the samples are measured, a background is run using the 
cuvette and solvent, or blank substrate. In this dissertation, all absorption spectra were run 
on a Beckman Coulter DU800 spectrophotometer, and samples run on quartz were 
compared to actual solar cell devices that were fabricated on glass and indium tin oxide. 
  
  49 
2.6 Solar Cell Fabrication 
The process for fabrication of thin film organic electronics is quite simple in 
explanation, but rather difficult to achieve high performances. Fabrication begins with glass 
substrates patterned with ~150 nm of indium tin oxide (ITO), a transparent and rather 
conductive electrode commonly used in optoelectronic research, purchased from 
commercial suppliers. The ITO substrates are clearly marked on the glass side with a 
diamond scribe etching pen for the sake of book keeping, then placed in a Teflon holder and 
sonicated in soapy water for 15-20 minutes. The substrates are then taken out of the 
sonicator and scrubbed for 2 minutes for each substrate. The scrubbing allows for the 
removal of any contaminates as well as helps to smooth out the rather rough ITO surface, 
decreasing the probability of shorts and reducing the leakage current. After scrubbing the 
ITO substrates are then sonicated for 5-10 minutes to help remove any residual soap, 
Substrates are then subsequently sonicated in acetone and isopropanol for 30 minutes each, 
after sonication substrates are blown dry using nitrogen and immediately put in a drying 
oven for 5-10 minutes to drive off residual solvent. After dried, the ITO substrates are then 
put in a UV/ozone cleaner for 30 minutes, or an O2 plasma cleaner for 5 minutes. 
The next step changes depending on the material or type of device being fabricated, 
for single carrier diodes see section 2.8. The bottom contact must be applied on top of the 
ITO; this helps to lower the work function allowing for more ohmic contacts. When using a 
molecule or polymer that contains the pyridyl thiadiazole moiety a 9 nm thick molybdenum 
oxide (MoOx) layer is thermally evaporated through a shadow mask at a pressure of 10-6 
torr. When working with most other polymers or molecules a buffer layer of PEDOT:PSS is 
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spin coated at 2500 RPM for 40 sec and then heated to 150 °C to drive off water and 
thermally anneal the  layer. 
After the bottom contact is deposited, the devices are then transferred to a processing 
glovebox containing a spin coater in an inert nitrogen atmosphere. When using MoOx as a 
bottom contact, the substrates are transferred using a device transfer chamber keeping the 
substrates in an inert atmosphere for transfer outside of the glovebox. Device are placed on 
the spin coater and the desired deposition RPM and time is set, and the substrate is give a 
small blast of nitrogen from a nitrogen gun to remove any potential dust. Approximately 20 
µl of solution are pull up using a micropipette and deposited on the substrate. Once the 
solution had been deposited on the substrate, the spin coater is started and allowed to run for 
the allotted time. After spin coating is finished the devices then sit for approximately 20 min 
to allow for slow drying, and after that thermally annealed if the procedure calls for it. 
Once active layer deposition and post-deposition treatment is completed, the devices 
are then scratched on one side to allow for contact to be made with the electrode, and placed 
in the evaporation chamber. The top contact usually a 15 nm thick layer of Calcium 
followed by a 100 nm thick layer of Aluminum are deposited through a patterned shadow 
mask of known area at 10-6 torr, for single carrier diode contacts see section 2.8. In this 
dissertation the vast majority of solar cells use a bottom contact of MoOx and a top contact 
of Ca/Al unless otherwise noted. 
The night before devices are fabricated, the active layer solution must be made. 
Using a balance accurate to the 0.01 mg, the active layer components are weighed out 
individually to their desired blend ratio and carefully transferred to a cleaned glass vial with 
a Teflon sealed cap. A cleaned stir bar is then placed in the vial and carefully transferred 
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into the processing glovebox. Once in the glovebox, the solution is then made using the 
desired solvents at the desired concentration, and a solution never had a volume of less than 
250 µl. Devices made from solutions lower than that volume tended to have a wide variance 
in performances. After the solvent was added the vials were tightly capped and then placed 
on a hotplate at a desired temperature and stir rate over night. On the day of device 
fabrication, 1 hour before active layer deposition, the solutions are taken off the hotplate and 
allowed to rest and any material that has stuck to the vial walls is washed back down. 
It is extremely important that great care is taken in every step of fabrication to ensure 
the highest level of reproducibility. Any minor mistake in device fabrication can lead to poor 
performances and inconsistent results. 
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2.7 Solar Cell Characterization 
Solar cell characterization involved two forms of characterization. First the current 
voltage (J-V) characteristics were collected under simulated solar irradiation and in the dark. 
The photo-generated current was then measured of a few of the higher performing devices 
using monochromatic to quantify the incident photon-to-electron conversion efficiency 
(IPCE) or more commonly called external quantum efficiency (EQE). 
J-V measurements were carried out on a Keithley 2400 source measure unit (SMU), 
the unit was controlled by a Lab View program allowing for hysteresis voltage sweeps. 
Using a 300 W Xenon arc lamp solar light was simulated by passing through an AM1.5G 
global filter, focused with a fiber optic cable. Light intensity was calibrated before testing 
each batch of devices using an NREL certified photodiode. Figure 2.4 illustrates the layout 
used to measure the J-V characteristics of solar cells. 
EQE measurements on the same devices used white light generated using 75 W 
Xenon arc lamp that was modulated into an oscillating signal by using a chopper and a 
chopper controller connected to a function generator set to 138 Hz. The chopped white light 
is then passed through a monochromator and focused into two fiber optic cables, one going 
Figure 2.4. Schematic illustrating the equipment setup for measuring J-V characteristics 
of fabricated solar cells under simulated sunlight. 
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to the sample and the other to a reference diode. The photocurrent produced are measured by 
a lock-in amplifier receiving the same 138 Hz signal from the function generator filtering 
out all other signal not in phase. The voltage produced from the sample is compared to the 
reference (Vsamp/Vref) for each wavelength. In order to obtain the EQE, these same 
measurements are run on a NIST calibration diode and put into the equation below. 
𝐸𝑄𝐸 =  
𝑉𝑠𝑎𝑚𝑝
𝑉𝑟𝑒𝑓
𝑉𝑟𝑒𝑓
𝑉𝑐𝑎𝑙𝑖𝑏
𝐸𝑄𝐸𝑐𝑎𝑙𝑖𝑏 
The generated EQE can then be integrated over the spectrum measured and should 
yield have good agreement with the Jsc measured in the J-V scans. This is a powerful tool as 
the measurements are independent of device are or illumination area, and if there is a 
mismatch between the J-V measured Jsc and the EQE measured Jsc then the device area used 
was incorrect, or the light calibration was done incorrectly. Figure 2.5 shows an illustration 
of the setup used for measuring EQE of fabricated solar cells. 
Figure 2.5. Schematic illustrating the equipment setup for measuring the external 
quantum efficiency (EQE) of fabricated solar cells. 
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2.8 Single Carrier Diodes for Space Charge Limited Current (SCLC) Mobilities 
Charge carrier mobility (µ) describes how quickly a charge can move through a 
certain material. Several techniques can be used to measure charge carrier mobilities of a 
certain material, field effect transistors,3 time-of-flight measurements of photo generated 
Figure 2.6. Schematic illustrating the two types of single carrier diodes: a) electron only 
diodes, b) hole only diodes. A forward bias is applied across the device and the charges 
travel in directions depicted. Reproduced from reference 7.  
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charges,4 or measuring the space charge limited current (SCLC) of a single carrier diode.5–7 
Of the three techniques SCLC measurements are the most related to organic solar cells, as 
they exhibit similar architectures and operate in the same carrier density regime. The 
direction of charge transport in single carrier diodes is also perpendicular to the plane film, 
the same direction of transport for organic solar cells. As they use a similar architecture as 
organic solar cells, the facilities required to fabricate and characterize them are the same. 
To measure SCLC mobilities a single carrier diode must be fabricated. This is done 
by properly choosing your injection and extraction contacts. For hole only diodes, the 
electrodes must have a work function that is deeper than the HOMO of your P-type 
semiconductor to ensure an ohmic contact. If the contacts do not have an ohmic nature, then 
instead of SCLC, the single carrier diodes will exhibit Contact Limited Current (CLC). This 
is commonly done by depositing gold, MoOx or PEDOT:PSS on ITO. In this dissertation all 
hole only diodes were fabricated using a 9 nm thick layer of MoOx, thermally evaporated 
through a patterned shadow mask at 10-6 torr. This method is exactly the same as the 
deposition of MoOx as described in section 2.6, as such the devices were subjected to the 
same cleaning routine. After the active layer was deposited and treated aaccording to the 
procedure the top contacts were evaporated. In this dissertation the top contact used was 
either gold (100 nm), or MoOx (5 nm) then gold (100 nm) all deposited by thermal 
evaporation through a patterned shadow mask at 10-6 torr. This sufficiently blocked electron 
injection from the LUMO and allowed for SCLC hole mobility to be measured. Similarly, 
when fabricating electron only diodes, the contacts must be higher than the LUMO of the n-
type semiconductor to achieve ohmic contact. In this dissertation this is achieved by 
evaporating ~20 nm of Aluminum on the glass side of a cleaned ITO substrate, then spin 
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coating of the active layer. After spin coating and post deposition treatments Calcium (15 
nm) and then Aluminum (100 nm) were deposited by thermal evaporation through a 
patterned shadow mask at 10-6 torr. 
Once the devices have been fabricated they are measured using the same Keithely 
2400 Source Measure Unit (SMU) as the solar cells; however, the single carrier diodes 
require measurement in the dark to reduce any contribution from photo generated charges. 
Once the electric field has been applied, one charge carrier is injected into the organic 
material. Since the injected charge carriers can only travel at the rate of charge mobility, a 
region of charge will build up in the film dominating the current measured through the 
device that is proportional to the applied bias squared, shown in the equation below.6 
𝐽 =
9
8
𝜀𝜀0𝜇
𝑉2
𝐿3
 
In the SCLC equation ε is the dielectric constant of the material, for organic 
semiconductors this is generally 3.4-4, ε0 is the vacuum permittivity, µ is the charge harrier 
mobility we are determining, L is the film thickness, and V is the applied bias. There is one 
more factor in this equation that must be taken into account. When using electrodes of 
different work functions, there is an energy level alignment across the device, leading to an 
inherent electric field equal to the difference in work functions, this field is called the built 
in field (Vbi) and must be corrected for in the equation giving the modified equation below. 
𝐽 =
9
8
𝜀𝜀0𝜇
(𝑉 − 𝑉𝑏𝑖)
2
𝐿3
 
Using this equation and the current measured the mobility can be solved for by 
simple curve modeling. This is a very powerful tool for understanding the impact of 
morphology on device performance. At stated in section 2.4, improving the crystallinity in a 
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film will also help to improve the charge transport in the film by developing more efficient 
transport pathways, improving the overall performance of the devices.8,9 Using this method 
of charge carrier mobility measurements, this can be confirmed as well as quantified, giving 
a better insight to the impact of processing conditions on solar cell performance. 
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Chapter 3: Application of Conjugated Polyelectrolyte Interlayers in Small 
Molecule Solar Cells and the Impact of Methanol Treatment 
3.1 Introduction 
Bulk Heterojunction (BHJ) solar cells comprising of conjugated polymer or small 
molecule donors and fullerene acceptors have received considerable attention due to their 
potential for light weight and flexible devices with relatively low-cost of fabrication. Thanks 
to considerable efforts made in the fields of materials design,1,2 morphology control,3,4 
operational understanding,5–7 and interface engineering8,9 power conversion efficiencies 
(PCE) have broken the 10% threshold.9–11 Interface engineering in particular has received a 
large amount of attention because of the issue of contact resistance between the electrodes 
and the active layer, and to minimize this resistance the interface between the 
semiconducting layer and the electrode must be more ohmic in nature.12,13 This push 
towards a reduction in contact resistance has led to new innovations in interface engineering 
such as polar solvent treatment,14,15 quantum dot buffer layers, and conjugated 
polyelectrolyte interlayers.8,16  
Conjugated polyelectrolytes (CPEs) are polymers with pi-conjugated backbones with 
ionically functionalized pendant groups affording solubility in polar solvents, such as water 
and methanol.17 This interesting class of material has a wide array of applications in the field 
of organic electronics, from thermoelectrics18,19 to work function modifiers.20 This property 
of work function modification is quite beneficial, when a sufficiently thin CPE layer is used 
as an electrode interlayer the ionic pendant group causes an interfacial dipole and leads to a 
vacuum level shift of the metal electrode, reducing the injection barrier and making a more 
ohmic contact with the electrode.8,21 CPEs solubility in highly polar solvents also allows for 
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the fabrication of multilayered devices without disturbing the morphology of the organic 
active layer which is typically only soluble in halogenated and/or aromatic solvents. 
Advances in materials design have led to the development of several high 
performance small molecule donor materials, with an interesting modular architecture.1,2,22 
Figure 3.1. Molecular structures of the a) donor, b) acceptor, and c) conjugated 
polyelectrolyte used in device fabrication. d) Device architecture used for the solar cells in 
this study. 
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These materials have exhibited relatively good open circuit voltages thanks to a reduction in 
the HOMO. Interestingly, Sun et al. did not fabricate their devices on the commonly used 
anode buffer layer, PEDOT:PSS, due to protonation of the pyridyl nitrogen in the 
molecule.23 Instead devices were fabricated using MoOx,1 a material with a deep work 
function (5.4 eV). By using the fluorinated benzothiadiazole group instead of a pyridyl 
thiadiazole, the issue of protonation was solved and could be processed on PEDOT:PSS, 
improving ease of processing.22 In this contribution we demonstrate the deposition of a CPE 
cathode interlayer on top of p-DTS(FBTTh2)2:PC71BM (figure 3.1), as well as show the 
impact of just treatment with polar solvent, and provide further insight into the mechanism 
by which polar solvents can help to improve device performance. 
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3.2 Results and discussion 
3.2.1 Device Properties 
J-V scans in the dark and under illumination for the best devices are shown in figure 
3.2 and the device performance parameters are summarized in table 3.1. Compared to the 
controlled devices, there is little change in the Jsc after methanol treatment, changing from 
11.3 mA/cm2 to 11.9 mA/cm2, and after the introduction of the CPE interlayer increasing to 
12.1 mA/cm2. This was quite different for the case of the Voc, where treatment with 
methanol increased the open circuit voltage from 710 mV to 790 mV, and after introduction 
of the CPE interlayer there is a further increase in the Voc to 810 mV. This increase in Voc is 
highlighted in figure 3.2a by the black arrow. Similarly, the FF exhibited a substantial 
Figure 3.2. JV characteristics of p-DTS(FBTTh2)2:PC61BM devices with no treatment 
(black), with methanol spin treatment (blue), and with PFN:BIm4 interlayer (green) a) under 
illumination of solar simulated light, and b) in the dark. The arrow in a) indicates the 
increase in Voc. The arrow in b) indicates the increase in the built in voltage. 
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increase from 57% for the control devices, to 65% and 71% for the methanol treated and 
CPE interlayer devices respectively. From dark current JV measurements, figure 3.2b, there 
is an interesting shift that occurs in the built in voltage Vbi, after methanol treatment and 
insertion of the CPE interlayer, which appears to have a similar order of improvement as the 
Voc. An increase in the built in voltage indicates a shift in the work function of either the 
bottom or the top contact.24 Introducing a CPE as a cathode interlayer has been shown to 
modify the work function of the top contact by the formation of an interfacial dipole;8,20 
however, little is known as to how methanol can modify an electrodes work function, or 
which work function it would modify. 
3.2.2 Contact Angle Measurements 
To confirm the presence of the CPE layer, measurements of the water contact angle 
were performed on the surface of all three different layers, and the images were collected 
with a digital camera shown in figure 3.3. The p-DTS(FBTTh2)2:PC61BM surface was quite 
hydrophobic with a contact angle of θ = ~100°, and remained just as hydrophobic after the 
Table 3.1. Summary of device performance parameters of p-DTS(FBTTh2)2:PC61BM 
solar cells without any treatment, with methanol treatment, and with a CPE interlayer. 
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methanol treatment. The surface with the thin layer of PFN:BIm4 was significantly less 
hydrophobic with a contact angle of θ = ~50°, which would indicate the presence of the 
ionic pendant groups of PFN:BIm4 at the surface of the film, in agreement with previous 
work.8 
3.2.3 Contact Potential Measurements 
 Figure 3.4 shows the surface morphology measured by AFM, and the surface 
potential map measured by scanning kelvin probe microscopy the p-
DTS(FBTTh2)2:PC61BM films with no treatment, and with the PFN:BIm4 interlayer. 
Surface of both the non-treated film, and the CPE treated film are quite smooth and 
homogeneous, but little more information cannot be discerned from the topographical 
measurements. The scanning kelvin probe microscopy (SKPM) measurements are quite 
different showing a change in surface potential for the CPE treated films. Despite this 
difference in surface potential the CPE does not appear to have full coverage of the p-
Figure 3.3. Photos of water droplets on the surfaces of a) p-DTS(FBTTh2)2:PC61BM, b) 
p-DTS(FBTTh2)2:PC61BM after methanol spin casting, and c) PFN:BIm4 spin coated on p-
DTS(FBTTh2)2:PC61BM 
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DTS(FTTh2)2:PC61BM film, but forms aggregated islands. The lack of change in the 
roughness between the p-  DTS(FTTh2)2:PC61BM film and the CPE treated films, but the 
presence of the higher energy islands in the scanning kelvin probe micrograph is consistent 
with an ultrathin layer (<10 nm) of PFN:BIm4. The bulk surface potentials were measured 
Figure 3.4. Surface morphology AFM images of a) p-DTS(FBTTh2)2:PC61BM film, and 
b) PFN:BIm4 film spin coated on top of the p-DTS(FBTTh2)2:PC61BM. Surface potential 
maps of c) p-DTS(FBTTh2)2:PC61BM film, and d) PFN:BIm4 film on  p-DTS(FBTTh2)2: 
PC61BM obtained by scanning kelvin probe microscopy. 
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using contact potential difference measurements and were compared to what was observed 
for the scanning kelvin probe measurements. The bulk surface potential for the p-
DTS(FBTTh2)2:PC61BM film is in agreement with what was observed from the SKPM 
measurements. The bulk surface potential measurements for the PFN:BIm4 coated film is 
slightly higher than what was observed in the SKPM measurements, but the direction of the 
contact potential difference (CPD) is still the same. This significant change in (CPD) 
compared to the untreated film further confirms the presence of the CPE at the surface, and 
the presence of an interfacial dipole caused by the ionic pendant groups, in agreement with 
the water contact angle measurements. Interestingly, the methanol treated films exhibited no 
change in the surface potential or work function compared to the untreated samples, despite 
the changes in Voc, Vbi, and FF that were observed in the J-V scans for the devices. This lack 
of change in the surface potential would indicate that the methanol is altering the interface 
between the PEDOT:PSS and the active layer, which is in agreement with what has been 
observed in the literature.15 
  
Table 3.2 Summarized kelvin probe measurements, and surface work functions for the 
untreated films, methanol films, and films with PFN:BIm4 spin coated on top. 
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3.2.5 Methanol Penetration Measurements 
To confirm that the methanol is in fact altering the interface between the 
PEDOT:PSS and the active layer, the penetration depth of the methanol was determined 
using dynamic secondary ion mass spectrometry (DSIMS). By taking the ratio of deuterium 
atoms to hydrogen atoms in the film, and comparing it to the naturally occurring ratio of 
deuterium to hydrogen, and idea of how deep the methanol penetrates the film and where it 
resides can be determined. For the majority of the depth the films deuterium to hydrogen 
ratio does not deviate much from the naturally occurring ratio but after 105 nm there appears 
to be an increase by nearly an order of magnitude for the films ratio compared to the 
Figure 3.5. Elemental depth profile of p-DTS(FBTTh2)2:PC61BMfilms treated with 
deuterated methanol. 
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naturally occurring ratio and then plateaus for the next 40 to 50 nm. The resolution of 
DSIMS is approximately 5 nm which means that the methanol penetrates to a depth of 100 
to 110 nm and then remains nearly homogeneously dispersed for the next 40 to 50 nm. The 
standard thickness of the p-DTS(FBTTh2)2:PC61BM and PEDOT:PSS films are 
approximately 110 nm and 50 nm respectively. These results confirm that when spin coating 
methanol on the film, the methanol penetrates the entire active layer and then resides in the 
PEDOT:PSS film. It is likely that thanks to the retained methanol, an interfacial dipole 
develops at the bottom contact due to the high polarity of the methanol, which would be in 
agreement with the literature.15  
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3.3 Conclusions 
In conclusion we have demonstrated that by incorporating a conjugated 
polyelectrolyte interlayer, device performance can be significantly improved, from 4.5% to 
7%. The main performance increases come from improvement in the Voc and FF, both of 
which are likely caused by the noticeable increase in the built in voltage across the device. It 
is likely that the further improved Voc and FF for the CPE containing devices, compared to 
the methanol treated, is cause by an increase in the Al work function caused by the 
interfacial dipole, a function of the ionic groups in the CPE. The presence of the CPE layer 
was confirmed using water contact angle measurements and surface potential measurements. 
Interestingly it appears that when using methanol, the solvent will penetrate the entirety of 
the hydrophobic active layer, and be retained in the PEDOT:PSS layer. It is likely that the 
retained methanol is what causes the formation of an interfacial dipole at the PEDOT:PSS 
active layer interface, forming a more  ohmic contact. It is likely that the overall 
improvement observed when incorporating a CPE interlayer is a multifaceted effect caused 
by both the CPE affecting the cathode interface, and the methanol affecting the anode 
interface. 
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3.4 Experimental 
Materials Used: Poly[9,9’-bis[6”-(N,N,N-trimethylammonium)-hexyl]fluorine-alt-
co-phenylene] with tetrakis(imidazolyl)-borate counterion, PFN-BIm4, was synthesized 
according to the literature.25,26 p-DTS(FBTTh2)2 was purchased from 1-material, PC61BM 
was purchased from Solenne BV, Chlorobenzene, diiodooctane and anhydrous methanol 
were purchased from Sigma Aldrich. All chemicals were used as received. 
Device Fabrication: Solar cells devices were fabricated on cleaned, UV/ozone 
treated Corning 1737 glass patterned with 150 nm ITO. Active layers were spun at 1750 
RPM for 60sec from a solution of p-DTS(FBTTh2)2 and PC61BM at a weight ratio of 60:40 
in chlorobenzene with 0.4% v/v% DIO, at an overall concentration of 35 mg/ml. Solutions 
were heated overnight and residual solids were filtered prior to casting at 90 °C. Films were 
allowed to dry for 30 minutes then heated at 70 °C for 10 minutes to drive off residual 
solvent.  PFN-BIm4 solutions were prepared using anhydrous methanol in an inert 
atmosphere at a concentration of 1 mg/ml and were deposited on top of the active layer via 
spin coating at 2500 RPM for 60 seconds. Cathodes were deposited by thermal evaporation 
of 100 nm of Al through a shadow mask at less than 10-6 torr. Device performances were 
tested using a Keithly 2602 system Source Meter under illumination by a simulated 100 mW 
cm-2 AM 1.5G light source using a 300 W Xe arc lamp with an AM 1.5 global filter. Solar-
simulator irradiance was calibrated using standard silicon photovoltaic with a protective 
KG1 filter calibrated by the National Renewable Energy Laboratory. 
Water Contact Angle & DSIMS: Samples for water contact angle measurements and 
DSIMS were prepared in the exact same way as the devices except no electrode was 
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thermally evaporated, but the films were still placed under vacuum at 10-6 torr to simulate 
device conditions. 
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Chapter 4: Towards Green Solvent Processing of Organic Solar 
Cells 
4.1 Introduction 
Organic Photovoltaics (OPVs) have received a large amount of interest due to the 
possibility of large area, low cost, light weight, and flexible devices. Thanks to development 
of novel narrow bandgap polymers and small molecules, as well as the use of solvent 
additives and temperature dependent processing for control over bulk heterojunction 
morphology, OPVs have seen a meteoric increase in power conversion efficiencies over the 
last few years.1–7 Although these results are very promising, one issue relevant for 
consideration regarding the fabrication of OPVs has received relatively little attention, 
namely the toxicity and sustainability of processing solvents.8 
Currently, all highly efficient devices are processed using halogenated solvents (e.g. 
chlorobenzene, chloroform dichlorobenzene) and halogenated solvent additives (e.g. 
diiodooctane, chloronappthalene). These solvents have varying levels of toxicities and 
carcinogenic properties, as well as readily contaminate ground water.9–14 With this in mind, 
more environmentally benign solvents must be investigated in order to make OPV a more 
sustainable and environmentally friendly form of alternative energy. 
A few groups have achieved good results using non-halogenated aromatics as 
processing solvents (e.g. xylenes, toluene, trimethylbenzene);15,16 however, these solvents 
have well documented long term carcinogenic properties and at their core are not 
sustainable.17,18 Griffin et al. have reported 6.6% efficiencies using binary a binary solvent 
blend containing no halogenated or aromatic solvents; however, the binary solvent system is 
acetone and CS2.
19 While the efficiencies are very promising, the processing blend uses CS2, 
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a chemical that is just as, or even more toxic than commonly used halogenated processing 
solvents,20 and so is incompatible with a future goal of sustainability. 
Recently, the use of 2-methyltetrahydrofuran (2-MeTHF) as a processing solvent for 
OPV active layers yielding efficient devices has been reported.21,22 2-MeTHF can be 
Figure 4.1. Chemical structures of molecular donors, acceptor and solvent used in the 
following investigation. 
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synthesized from agricultural by-products, and has a much reduced toxicity when compared 
to commonly used halogenated and aromatic solvents.23–27 These beneficial properties allow 
it to be classified as a green solvent. 
From our previous studies it was apparent that switching from CHCl3 to 2-MeTHF had 
no negative impact on device performance and in fact led to a slight increase in PCE.21 With 
the success that was obtained from the use of the extended chromophore molecular donor, 
X2, and fullerene derivative PC61BC8, it seemed reasonable to examine molecular donors 
that exhibit similar molecular and bulk properties to X2 (see figure 4.1 for molecular 
structures). 
 The materials used in this study all exhibit relatively high thermal stabilities and 
crystallinities, as well as exceptional photovoltaic performance ranging from 5.5% to 7.4% 
when blended with PCBM without the use of solvent additives or thermal annealing.28–32 
Also worth noting is that while X4, and X5 need thermal annealing when blended with 
PCBM to achieve optimal performance, X2 and F3 have no such requirement. Interestingly 
all materials do exhibit a decrease in PCE when blended with PC61BC8 compared to the 
PCBM systems caused by a decrease in- short circuit current (Jsc) and fill factor (FF). This 
is likely due to the increased miscibility of the fullerene in the donor phase caused by the 
octyl ester chain in comparison to the methyl ester. This increase in fullerene miscibility is 
likely increasing the size of the “mixed phase” region. Recently, the development of a mixed 
phase, and fullerene miscibility in the donor phase have received a large amount of 
attention;33–36 however, it has been stressed that if the fullerene is too miscible then the 
mixed region would become too large and the system would be subjected to more charge 
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carrier recombination.37–39 This would mean that control over the fullerene and donor 
miscibility and phase purity would be crucial to achieve high performance. 
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4.2 Results and Discussion 
Initial solubility test indicates that all materials have solubility greater than 20 mg/mL in 
2-MeTHF (figure 4.2), a necessity for obtaining thick active layers and high photocurrent. 
These materials also fall into a class of molecular semiconductors that exhibit an excellent 
performance tolerance to blend ratio.31 Here we examine the applicability of 2-MeTHF as 
the processing solvent for an array of molecular semiconductor donors together with 
PC61BC8 yielding a range of efficiencies from 3.6% to 5.6% with no solvent additives.  The 
only exception is compound X6 which was unable to form films from 2-MeTHF, despite 
having good solubility. BHJ devices for all materials were fabricated and characterized in 
Parallel to accurately investigate photovoltaic properties. A literature examination of the 
materials led us to process from a weight ratio of 1:1 (donor: acceptor) with a total solid 
concentration of 20 mg/ml.28 Due to the large number of materials containing the accepter 
Figure 4.2. Solubility table of molecular donors used in the experiment. The dashed line 
at 15 mg/ml represents the minimum solubility for processing good films from 2-MeTHF 
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moiety, pyridylthiodiazole, the following device architecture was adopted, ITO/MoOx/active 
layer/Ca/Al, to avoid protonation of the slightly basic pyridyl nitrogen by acidic 
PEDOT:PSS.40 
4.2.1 Solar Cell Performance  
Figure 4.3 shows the J-V scans for the as cast and annealed systems, and Table 4.1 
summarizes relevant device characteristics for both the as cast and annealed systems. There 
is a noticeable increase in device performance for all the annealed systems over the as-cast 
counterparts. N0 and X4 show very similar performance increases from 1.6% to 3.4% and 
1.9% to 3.3% after annealing respectively. N0 and X4 display an increase in Jsc and a 
substantial increase in FF. These improvements are offset by an open circuit voltage (Voc) 
decrease of ~20 mV for N0 and a rather substantial ~70 mV decrease for X4. X5 shows very 
Figure 4.3. J-V curves for the highest performing a) as cast, and b) annealed devices 
under illumination. 
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little change in performance from 3.7% to 3.9% when subjected to thermal annealing, 
despite having a Jsc of ~10 mA/cm
2 the system suffers from a low FF (<50%). F3 exhibits a 
slight performance improvement, 4.5% to 5.3%, when subjected to thermal annealing. Small 
improvements in Jsc and FF coupled with a very small, less than 10 mV, decrease in Voc 
leads to a noticeable increase in device performance. X2 shows the largest improvement 
after annealing, going from 3.0% to 5.3% with an increase in FF from 43% to 59% and a 
remarkable increase in Jsc from 9.6 mA/cm
2 to 12.7 mA/cm2. From the data it is apparent 
that the thermal annealing is driving phase separation and crystallization of the BHJ and 
donor phases respectively. This would explain the increase in fill factor as well as the 
increase in Jsc. When comparing these results to the what has been previously reported for 
Table 4.1. Summarized J-V characteristics for the as cast and annealed devices 
processed from 2-MeTHF. 
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these donors when blended with PCBM, it is clear that these systems have a lower Jsc, and 
FF, but give a higher Voc. 
4.2.2 Charge Carrier Mobility 
It is well established that higher and balanced charge carrier mobilities are required 
to obtain better fill factors,41–45 highlighted in figure 4.5 b). To help understand the origin of 
the increase in fill factor after thermal annealing single carrier diodes were fabricated by 
adopting the architecture ITO/MoOx/Active Layer/Au to selectively inject and collect holes. 
Using the Mott-Gurney law for space charge limited current,46,47 the hole mobilities were 
obtained for the as cast and annealed devices (figure 4.4). The difference in hole mobility 
between the as cast and the annealed devices is compared to the difference in as cast and 
annealed fill factors in Figure 4.5 b), and the relationship between hole mobility and fill 
factor is shown in figure 4.5 b). N0, X2, and X4 all exhibit nearly an order of magnitude 
Figure 4.4. Single carrier diodes used to measure the SCLC hole mobilities for the a) as-
cast and b) annealed systems processed from 2-MeTHF. 
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increase in hole mobility, but X4 did not improve as much as the previous two. This is likely 
due to the lower annealed fill factor for X4, 52% compared to the 58% and 59% fill factors 
for N0 and X2 respectively. All these systems saw a greater than 15% increase in fill factor 
with N0 increasing by 19%, X2 increasing by 16% and X4 increasing by 21%. F3 and X5 
both exhibit essentially no increase in hole mobility and only a miniscule increase in fill 
factor, 6% for F3 and 2% for X5. From these results it is quite clear that the increased fill 
factors for N0 and X2 are due to the development of more efficient charge transport 
pathways being formed caused by thermal annealing. The overall lack of change in charge 
transport for F3 and X5 is also in agreement with the minor increase in observed fill factor, 
meaning that these two molecules form efficient pathways for hole transport without any 
need of post treatment. 
Figure 4.5 a) Change in mobility between as cast and annealed devices compared to the 
change in fill factor for the as cast and annealed devices. b) plot highlighting the relationship 
between the hole mobility of the blend and the fill factor of the devices. 
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4.2.3 EQE and UV/Vis 
External quantum efficiency (EQE) of the as cast and annealed devices were 
measured and are plotted in color in Figure 4.6. N0 and X4 both exhibit very low EQE, not 
even reaching over 40% after annealing. X2 shows, by far the most significant improvement 
in EQE with an as cast peak of less than 44% and an annealed peak of ~60%. F3 and X5 
both show promising as cast EQE of ~54% and ~46% respectively, but after annealing both 
Figure 4.6. Absorbance (black) and EQE (colored) for the as cast and annealed devices 
processed from 2-MeTHF of a) N0:PC61BC8, b) X2:PC61BC8, c) F3:PC61BC8, d) 
X4:PC61BC8, and e) X5:PC61BC8. The difference between the as cast (dotteted line) and 
annealed (solid line) absorbance and EQE is highlighted by the shaded are. A comparison 
between the difference in as cast and annealed absorption at λmax and the measure Jsc is 
shown in f). 
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showed very little improvement in EQE increasing to ~58% and ~52% respectively. This 
what was observed in the J-V measurements and the hole mobility measurements. 
With the observed increases in Jsc from both the J-V measurements and the EQE 
measurements, the question of is this increase in current a function of the better phase 
separation after annealing, or does the annealing also affect the absorption properties of the 
system? To probe this effect UV/Vis absorption was performed on each system and plotted 
in with black lines in Figure 4.6. When normalized to the π-π* transition (~330 nm) a 
significant increase in oscillator strength at the intramolecular charge transfer band was 
observed for N0, X2, X4 and X5; however, F3 exhibited very little increase in oscillator 
strength. Interestingly, X5 exhibits a noticeable increase in oscillator strength, this is in 
contrast to the results observed in the solar cell performance studies and the hole mobility 
studies. A thermal response of this level implies significant reorganization of the donor 
phase and BHJ morphology. Furthermore, the apparent lack of any thermal sensitivity for F3 
supports the idea that this system creates more optimally organized as cast system, which 
has also been observed in the literature.28,48  
Upon seeing the increase in absorption, EQE, and Jsc caused by thermal treatment, 
the question then arises, how much is the increased absorption leading to the increase in Jsc? 
The difference in absorbance at λmax between the as cast and annealed films was compared 
to the difference between as cast and annealed device Jsc in Figure 4.6 f). There appears to 
be good agreement with the observed changes in absorption and Jsc for all of the materials 
except X5. This could likely be attributed to the lack of increase in hole mobility, meaning 
that the optimal transport pathway for the material has already been achieved pre-annealing 
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but there is still further structural organization occurring and that leads to the increase in 
absorption. 
4.2.4 Probing the Structural Order 
Despite AFM showing that the film quality is good when cast from green solvents, there 
is no way to quantify the difference in structural order between the as cast and annealed 
systems when using this measurement method. For measuring quantitative difference in 
Figure 4.7. 2D GIWAXS plots for a) N0:PC61BC8, b) X2:PC61BC8, d) F3:PC61BC8, e) 
X4:PC61BC8, and f) X5:PC61BC8. c) shows the line cuts in the in plane direction 
highlighting the π-πstacking peak for N0:PC61BC8 (red) X2:PC61BC8 (gold), F3:PC61BC8 
(green), X4:PC61BC8 (blue), X4:PC61BC8 (purple). 
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structural order grazing incidence wide angle X-ray scattering (GIWAXS) was used. The 
two dimensional GIWAXS plots for the annealed systems are shown in figure 4.7. From the 
scattering patterns all systems exhibit alky stacking in the out-of-plane direction and the π-π 
Figure 4.8. In-Plane line cuts of the 2D GIWAXS plots of a) as cast, and b) annealed 
devices, the dashed lines on the two plots indicate the location of the π-π stacking peak. C) 
A summary of the π-π crystalline correlations lengths calculated using the in plane line cuts. 
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stacking in the in-plane direction. There is very little difference in the π-π spacing between 
as cast and annealed systems, 3.5 - 3.6 Å, but there is a huge difference in the crystalline 
correlation length (CCL) shown in figure 4.8. N0 and X2 have CCL of 5.6 nm for the as cast 
system, and both increase to 7.3 nm for their annealed systems. X4 has a slightly smaller as 
cast CCL of 5.3 nm but nearly the same annealed CCL of 7.1 nm. F3 has a much higher as 
cast CCL of 6.3 and after annealing sees a subsequent increase to 7.2 nm. X5 has a 7.7nm as 
cast CCL, much greater than all other materials, and after annealing sees an increase to 9.0 
nm. These observed really help explain everything that has been observed in previous 
measurements. N0, X2, and X4 all exhibit a very large increase in the CCL when annealed. 
F3 has a similar annealed CCL, but has a much higher as cast CCL when compared to the 
previous materials, which really helps to explain the lack of difference in all other 
measurements. X5 has a large difference in CCL after annealing, but the as cast material is 
already so crystalline that the observed increase in crystallite quality and size had no major 
influence on the system. Most importantly, switching from chlorinated solvents to the green 
solvent 2-MeTHF does not inhibit crystallite formation. 
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4.2.5 Surface Morphology 
In order to investigate the effect processing from green solvent as well as annealing 
the devices would have on the morphology, AFM was performed on the devices, figure 4.8. 
All films are extremely smooth, except for X4 and X5 most likely due to the lower solubility 
of these two materials in 2-MeTHF, with roughness ranging from 0.4 nm to 1.6 nm. The 
AFMs are reminiscent of other small molecule donor systems, showing that the processing 
from 2-MeTHF leads to no adverse effects on film quality. When looking at the features in 
the AFM it appears that annealing is inducing crystallization and phase separation. This 
becomes obvious when comparing the RMS roughness for each system. N0 as cast has a 
roughness of 0.5 nm and after annealing roughness goes up to 1.6 nm. X2, similar to N0, has 
an as cast roughness of 0.5 nm and after annealing has a roughness of 1.4 nm. F3 shows a 
very similar response to annealing in this study as it did to all previous studies having an as 
Figure 4.7. As cast AFM for a) N0:PC61BC8, c) X2:PC61BC8, e) F3:PC61BC8, g) 
X4:PC61BC8, and i) X5:PC61BC8 devices processed from 2-MeTHF. Annealed AFM b) 
N0:PC61BC8, d) X2:PC61BC8, f) F3:PC61BC8, h) X4:PC61BC8, j) X5:PC61BC8 devices 
processed from 2-MeTHF 
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cast roughness of 0.6 nm and an annealed roughness of 0.7 nm. X4, unlike in previous 
studies, also showed resilience to annealing with an as cast roughness of 0.5 nm and an 
annealed roughness of 0.9 nm. Following a similar trend as X4, X5 also broke its previous 
trend of resistance to annealing and showed an increase in roughness from 0.6 nm, as cast, to 
1.3 nm annealed. From looking at the AFMs it is quite apparent that the annealing has a 
substantial impact on the morphology, but processing from green solvent does not. 
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4.3 Conclusion 
Throughout this study a few things have become clearer regarding processing from 2-
MeTHF, and here we present a few notes to keep in mind when fabricating solar cells from a 
green solvent. Obviously solubility in desired green solvent is the most crucial 
characteristic, though is not the only necessity to make good films. X6 exhibited a solubility 
in 2-MeTHF that was greater than 20 mg/ml, however was not able form films, despite 
considerable effort, when spin cast from 2-MeTHF. Many tricky processing methods 
currently exist such as solvent additives and heated substrates.1,2 Due to the toxic nature of 
the solvent additives these are undesirable when processing from a green solvent, as it goes 
against the goal of sustainability, also the boiling point of 2-MeTHF is substantially lower 
than chlorobenzene, so heated substrates will possibly lead to problems with accelerated 
drying. This class of extended length donor material has shown have resistant morphology 
to blend ratio. This is possibly what has led to the ease of processing from 2-MeTHF that 
was observed for the systems. 
We have shown that an array of molecular donors when blended with blended with 
the more soluble fullerene derivative, PC61BC8, can be processed from the green solvent, 2-
MeTHF, yielding devices with power conversion efficiencies greater than 5.5%. These 
materials also avoid the use of toxic solvent additives such as 1, 8-diiodooctane, and only 
require simple thermal annealing. The increased performance after annealing is attributed to 
the overall increase in structural order, which was confirmed by GIWAXS. This increase in 
structural order allowed for an increase in oscillator strength for the systems, as well as an 
increase in charge carrier mobility. The only system where thermal annealing did not lead to 
any significant increase in performance was F3. This is most likely due to a higher driving 
  91 
force for phase separation caused by the fluorinated benzothiodiazole group in the molecule. 
The results show that a multitude of molecular donors of varying chemical structure and 
dimension can be processed from 2-MeTHF and further opens the door to mass produced, 
environmentally friendly, solution processed organic solar cells and other organic 
optoelectronic devices. It further highlights that 2-MeTHF can effectively function as a 
green solvent replacement for a variety of organic semiconductors in comparison to 
commonly used toxic halogenated and aromatic solvents. 
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4.4 Experimental 
Materials:N0, X2, F3, X4, and X5 were all synthesized according to the literature.28–
30 PC61BC8 was purchased from Solenne BV company, Anhydrous 2-MeTHF was purchased 
from Sigma Aldrich. All Materials were used as received. 
Device Fabrication: Solar cells devices were fabricated on cleaned, UV/ozone 
treated Corning 1737 glass patterned with 150 nm ITO. MoOx films (9 nm) were thermally 
evaporated on top of ITO substrates at a rate of 0.1 Å/s under vacuum below 10-6 torr. The 
organic films were prepared from solutions with a total solids concentration of 20 mg/mL 
with D:A ratio of 50:50, wt/wt by spin-coating at 2000 rpm for 60 seconds. Samples that 
were thermally annealed were done so at 100 °C for 10 min then allowed to cool to room 
temperature for 10 minutes. Finally, cathodes were deposited by sequential thermal 
evaporation of calcium (~15 nm) followed by aluminum (~100 nm) through a shadow mask 
by thermal evaporation under a vacuum of about 3 x 10-7 torr. An aperture with area of 
0.045 cm2 was used during the measurement. Device performances were tested using a 
Keithly 2602 system Source Meter under illumination by a simulated 100 mW cm-2 AM 
1.5G light source using a 300 W Xe arc lamp with an AM 1.5 global filter. Solar-simulator 
irradiance was calibrated using standard silicon photovoltaic with a protective KG1 filter 
calibrated by the National Renewable Energy Laboratory. 
UV/Vis Absorption Spectroscopy: Absorption measurements were performed using a 
Beckman Coulter U800 UV/Vis spectrophotometer. Thin films were prepared by spin-
coating on top of MoOx covered ITO substrates (same condition as device fabrication) at a 
spin speed of 2000 rpm. 
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EQE Measurements: External quantum efficiencies were measured using a 75 W Xe 
source, monochromator, optical chopper, lock-in amplifier, and a NIST calibrated silicon 
photodiode was used for power-density calibration. 
Hole Only Diode Measurements: Hole only devices were fabricated on cleaned, 
UV/ozone treated Corning 1737 glass patterned with 140 nm Indium Tin Oxide. 
Molybdenum oxide (MoOx) was chosen as the bottom contact since it has a deeper work 
function, 5.5 eV, than the HOMO energy of all donors used. MoOx was thermally 
evaporated as a bottom contact at a rate of 0.2 Å/s with a thickness of 9 nm. The active layer 
was spin cast at 2000 rpm for 60 seconds at a 5:5 blend ratio with a total concentration of 20 
mg/ml. In order to sufficiently reduce electron injection, gold top contacts were thermally 
evaporated at 0.2 Å/s with a final thickness of approximately 50 nm. Since the work 
function of gold, 5.1 eV, is deeper than the LUMO of PC61BC8, 4.2 eV, there will be non-
ohmic electron injection yielding electron current several orders of magnitude lower than the 
hole current. Devices were measured in the dark using a Keithly 2602 system Source Meter 
and the Mott-Gurney law for the space-charge-limited-current (SCLC)46,47 was used to 
determine the zero field mobility of the layer according to the following equation:  
𝐽 =
9
8
𝜀𝜀0𝜇
𝑉2
𝐿3
  
where ε is the material’s dielectric constant, ε0 is the permittivity of vacuum, V is the 
applied bias, L is the film thickness, J is the measured current density and μ is the charge 
carrier mobility of the material. 
GIWAXS Measurements: GIWAXS patterns were collected at the Stanford 
Synchrotron Radiation Lightsource (SSRL) beamline 11-3 with an X-ray wavelength of 
0.9752 , at a 40 cm sample detector distance at an incident angle of 0.12. Samples were 
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probed under a helium environment to minimize beam damage and reduce diffuse scattering. 
The measurements were calibrated using a LaB6 standard. The crystalline correlation length 
(CCL) values, which provide an estimation of crystallite size and quality, were calculated 
using the Scherrer equation. 
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Chapter 5: High Efficiency Non-Fullerene Based Small Molecule 
Organic Solar Cells Processed from Green Solvents 
5.1 Introduction 
Organic photovoltaics (OPVs) have been extensively studied for the past 20 years, 
with significant attention going towards the development of novel photoactive polymers and 
small molecules.1–3 The majority of material design was focused on the development of high 
performance donor materials to be matched with fullerene based electron acceptors and 
recently achieving efficiencies greater than 10%.3–5 Despite the wide variety of electron 
donor materials, the field of high performance electron acceptor materials has been 
dominated by fullerene derivatives such as PCBM. 
This domination by fullerenes is thanks to their highly favorable electron acceptor 
properties such as their high electron mobility, three-dimensional electron accepting and 
transporting properties thanks to the LUMO being delocalized across the whole molecule, 
and three stable/reversible electrochemical reductions.6 Despite these highly favorable 
electron accepting properties, fullerenes do have their limitations. These limitations include 
costly synthesis, difficult purification, little to no absorption in the UV/Vis spectrum 
severely limiting their contribution to photocurrent, also limiting the tunability of their 
absorption, and energy levels. With these limitations of fullerenes, research has shifted 
towards the development of non-fullerene based electron acceptors, such as perylene 
diimides, or other fused ring systems receiving the most attention.7–11 Another class of non-
fullerene acceptor (NFA) that has begun to receive more attention recently are calamitic 
molecules, which utilize the push-pull chromophore design strategy from the development 
of narrow bandgap donor materials.12  This modular design strategy affords greater synthetic 
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flexibility, and more control over the optical and electronic properties of the molecule, and 
has seen a fair amount of success.13–18 Despite all of these great improvements in the 
development of donors and NFAs, one major aspect has been overlooked, the toxicity and 
environmental impact of the processing solvents used in device fabrication. 
The vast majority of solar cells being reported in the literature use highly toxic 
halogenated solvents (e.g. chlorobenzene, chloroform, dicholorobenzene) and require the 
use of halogenated high boiling point solvent additives (e.g. diiodooctane, 
chloronapthalene). These solvents have rather well documented toxicities and carcinogenic 
properties, as well as the synthesis of these solvents requires the use of toxic halogen gasses, 
and dangerous byproducts (HCl). With this in mind, more environmentally benign solvents 
must be investigated to form a more sustainable and environmentally friendly future for the 
OPV field. 
A few groups have begun to investigate the use of non-halogenated solvents such as 
xylenes, toluene and trimethylbenzene.19,20 While these results are a good step in the right 
direction they still utilize highly carcinogenic solvents that are unsustainable.21,22 The 
question must be asked; what solvent would fall under a sustainable solvent? Well the 
solvent in question must be an environmentally friendly solvent or biosolvent, it must have a 
low toxicity and have no carcinogenic properties, degrade to a naturally occurring or 
reusable product, and most importantly it must be obtained from a renewable resource, such 
as agricultural waste.23,24 2-methyltetrahydrofuran is such a solvent, being synthesized from 
agricultural by-products, and has a much reduced toxicity when compared to commonly 
used halogenated and aromatic solvents.23–28 These environmentally friendly properties of 2-
MeTHF allow it to be classified as a green solvent. The use of the green solvent, 2-MeTHF, 
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for processing of OPV active layers resulting in efficient devices has been reported in the 
literature.29,30  
From our previous studies, it was apparent that there was no negative impact on 
morphology and performance when switching from CHCl3 to 2-MeTHF.
29 With the 
substantial amount of success that was achieved using a series of extended molecular length 
donors, it seemed reasonable to examine one of these donors in the context of a non-
fullerene acceptor. Of these extended chromophores, X2 has received the most attention for 
its blend ratio tolerant morphology,31 its simple processing conditions to achieve high 
performances,32,33 high thermal stability,34 and well documented self-assembly.35,36 When 
determining the best non-fullerene acceptor to match with X2, the modular nature of 
calamitic molecules came to mind, and in this class of molecules, FBR and IDTBR have 
some interesting properties that would match nicely with X2 (Figure 5.1).13,37 
Figure 5.1. Chemical structures of the donor and non-fullerene acceptors used in this 
investigation. 
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5.2 Results and Discussion 
5.2.1 UV/Vis & Energy Levels 
FBR and IDTBR have quite favorable optical and electronic properties when 
compared to X2 (figure 5.2). FBR has good complimentary optical absorption compared to 
X2, leading to a larger range of the visible spectrum will be absorbed. The LUMO-LUMO 
offset between the two materials is quite small though, possibly leading to lower driving 
force for charge separation reducing the number of photogenerated charges. Unlike FBR, 
IDTBR has overlapping absorption with X2, possibly causing competing absorption events; 
however, there is a much more significant LUMO-LUMO offset meaning a greater driving 
force for charge separation. The presence of the shoulder peak in the IDTBR absorption at 
~700 nm is also indicative of a more crystalline compound possibly leading to a greater 
Figure 5.2. a) energy levels, and b) pristine film UV/Vis absorption for X2, FBR, and 
IDTBR 
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degree of phase separation reducing recombination and possibly leading to a more optimal 
morphology. 
5.2.2 Device Performances 
Figure 5.3 shows both the as cast and annealed JV characteristics, and EQE 
measurements for X2:FBR and X2:IDTBR, and table 5.1 summarize the device parameters. 
The X2:FBR system when tested as cast shows essentially no photovoltaic response, but 
after thermal annealing the Jsc has a drastic increase by nearly 5 times the as cast condition, 
and the fill factor also sees an impressive increase of nearly 50%. Even the Voc had an 
increase of greater than 100 mV, yielding an overall 10 times performance increase, from 
0.4% to 4.3%. It is worth mentioning that the EQE is nearly level across the entire visible 
spectrum, and shows a significant improvement after thermal annealing as well. This is 
likely due to a lack of structural order, or phase separation before thermal annealing, and 
Figure 5.3. a) JV characteristics and b) EQE spectra for as cast and annealed devices of 
X2:FBR and X2:IDTBR. 
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after thermal annealing the two phases crystallize driving phase separation. There is also a 
likely chance that the low LUMO-LUMO offset is in fact preventing charge separation. The 
IDTBR system is a very different story, thanks to the improved crystallinity afforded by the 
indacenodithiophene core, the most optimal condition for the X2:IDTBR blend is the as cast 
condition barely out performing the annealed system. When comparing the FBR system to 
the IDTBR system, it is apparent that the IDTBR has a much higher Jsc, greater than 3 
mA/cm2, despite having competitive absorption events. When comparing the JV 
characteristics in the dark, it is apparent that there is a significant difference between the as 
cast X2:FBR devices and all other devices by nearly an order of magnitude. The current 
density here is related to the double carrier mobility in the device, which is related to the 
non-geminate recombination in the device.38 This could be cause by the improved LUMO-
LUMO offset, giving a much higher driving force for charge separation, or by the more 
optical morphology that is formed allowing for reduced recombination. 
 
 
Table 5.1. Summarized device parameters for the as cast and annealed conditions of 
X2:FBR, and X2:IDTBR. 
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5.2.3 Blend UV/Vis & Photoluminescence Quenching 
The absorption profile for the as cast and annealed blends were measured using 
UV/Vis absorption. The X2:FBR blend shows good absorption across the while spectrum in 
agreement with the EQE measurements. Interestingly, the FBR oscillator strength decreases 
after thermal annealing, which is not expected; however, the X2 oscillator strength increases 
bringing their absorption peaks essentially equal. It is worth noting that the as cast films 
exhibit a reddish color, while the annealed films are black. The X2:IDTBR films exhibit 
very strong absorption near 700 nm which is to expected since both materials exhibited 
similar λmax in that region. Similarly to the X2:FBR blend, it appears that the IDTBR 
contribution decreases after thermal annealing, and the X2 contribution has a slight increase. 
Figure 5.4. a) UV/Vis absorption for the as cast and annealed X2:FBR, and X2:IDTBR 
films. b) photoluminescence measurements of the pristine and blend as cast and annealed 
films. 
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To investigate the degree of electron transfer between X2 and the two acceptors the 
photoluminescence of the pristine films were compared to the as cast and annealed blend 
films (figure 5.4b). It appears that there is efficient driving force for electron transfer 
between the X2 and the FBR, ruling that out as the cause of the reduce Jsc relative to the 
IDTBR system. It is worth mentioning that the highest and lowest degree of quenching 
measured was from the X2:IDTBR as cast and annealed films, respectively. 
5.2.4 Structural Order Effects 
 After thermal annealing there is a significant improvement in the X2:FBR system, 
while the X2:IDTBR system has little change after thermal annealing. The lack of planarity 
in the FBR molecule reduces the crystallinity when cast and in fact could be inhibiting the 
crystallization of the X2. In contrast, the highly planar indacenodithiophene core in IDTBR 
leads to a much higher crystallinity, increasing the molecules propensity to phase separate 
Figure 5.5. 2-D GIWAXS plots for the X2:FBR a) as cast, and b) annealed films, and 
for the X2:IDTBR c) as cast, and d) annealed films. e) in-plane line cuts for the shown 2-D 
GIWAXS to further probe the π- π stacking. 
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and form well-ordered domains. To probe the structural order of the different materials, and 
how the processing conditions impact their morphology, GIWAXS was performed (Figure 
5.5). From the 2-D GIWAXS plots, it appears that the FBR is in fact inhibiting the 
crystallization of the X2, and this is further confirmed by the line cuts in the in-plane 
direction. Before annealing, the crystalline correlation length (CCL) for the as cast X2:FBR 
system was 4.7 nm, but after annealing increased to 7.1 nm. This confirms that the presence 
of the FBR does in fact inhibit the crystallization of X2 significantly impacting the initial 
degree of phase separation, and presence of efficient transport domains. Conversely, the 
IDTBR has very little impact on the crystallization of X2 yielding an as cast CCL of 6.3 nm, 
and after thermal annealing increasing to 8.2 nm. After thermal annealing, the presence of 
IDTBR π-π stacking peak can actually be resolved in the in-plane line cuts. It has been well 
established that the presence of mixed domains is important for good performance in 
OPVs,39 and it is possible that the thermal annealing of the X2:IDTBR system reduced the 
size of the mixed phase too much. 
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5.2.5 Charge Carrier Mobility 
 If the FBR is in fact inhibiting the crystallization of the X2, then the development of 
efficient charge transport pathways will be significantly impacted, and this can be confirmed 
by SCLC mobility measurements (figure 5.6). The hole transport for X2 is significantly 
reduced when blended with FBR; however, the mobility increases by an order of magnitude 
after thermal annealing confirming that FBR does inhibit the crystallization of X2 when cast 
reducing the amount of efficient hole transport pathways. In agreement with the GIWAXS 
measurements, the IDTBR does not prevent the crystallization of X2 allowing for good 
charge carrier mobility when as cast, and after thermal annealing there is virtually no 
change. Interestingly, it appears that thermal annealing has little to any effect on the electron 
mobilities for FBR and IDTBR. It is worth noting these electron mobilities are rather low 
Figure 5.6. a) hole mobility, and b) electron mobility measurements for as cast and 
annealed X2:FBR, and X2:IDTBR obtained by SCLC diode measurements. Mobility 
values are summarized in the legends. 
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compared to fullerenes, which tend to have two orders of magnitude higher mobility, this 
might help to explain the relatively low fill factors, <50%, for these systems despite the hole 
mobilities being equivalent to other high performance small molecule solar cells.40,41 
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5.3 Conclusions 
In Conclusion, two different non-fullerene acceptors were blended with a molecular 
donor of intermediate length and processed from a green solvent. The devices fabricated are 
comparable, if not better than what has previously been reported for this donor when 
processed from 2-MeTHF. Despite exhibiting complimentary absorption to X2, FBR based 
devices were lower performing due to the inhibited X2 crystallization. This decreased 
crystallization reduced phase separation, and prevented the development of efficient hole 
transport pathways. After subjected to thermal annealing, the X2 crystallinity was restored 
and produce efficient devices, but still under performed due to a low Jsc. The introduction of 
the indacenodithiophene core enhanced the crystallinity of the acceptor, but red shifted the 
absorption causing an overlap with X2. Despite this overlap, the enhanced crystallinity of 
the IDTBR, drove phase separation when cast and did not inhibit the crystallization of X2. 
This led to an optimized device morphology without any form of post treatment (e.g. 
thermal annealing, solvent annealing, solvent additives), which is rather rare. Interestingly, 
the electron mobility for the two acceptors is rather low, two orders of magnitude lower than 
fullerene. This significantly reduced electron mobility is likely the cause of the low fill 
factors for the devices, less than 50%. These results show the potential that processing of 
non-fullerene acceptors from green solvents can compete with fullerene based green solvent 
processed solar cells. More importantly, that green solvent processed non-fullerene based 
solar cells can compete with the halogenated solvent processed counter parts, and further 
highlights the progression of a more sustainable future for organic photovoltaics. 
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5.4 Experimental 
Materials: X2, FBR, IDTBR, and PFN:BIm4 were all synthesized according to the 
literature.13,32,37,42 Anhydrous 2-MeTHF was purchased from Sigma Aldrich. All Materials 
were used as received. 
Device Fabrication: Solar cells devices were fabricated on cleaned, UV/ozone 
treated Corning 1737 glass patterned with 150 nm ITO. MoOx films (9 nm) were thermally 
evaporated on top of ITO substrates at a rate of 0.1 Å/s under vacuum below 10-6 torr. The 
organic films were prepared from solutions with a total solids concentration of 20 mg/mL 
with D:A ratio of 1:1, wt/wt by spin-coating at 2000 rpm for 60 seconds. Samples that were 
thermally annealed were done so at 100 °C for 10 min then allowed to cool to room 
temperature for 10 minutes. After cooling, a thin layer of PFN:BIm4 was spin coated on top 
from a 1 mg/ml solution in methanol at a spin speed of 2500 RPM for 60 seconds. Finally, 
cathodes were deposited by sequential thermal evaporation of calcium (~15 nm) followed by 
aluminum (~100 nm) through a shadow mask by thermal evaporation under a vacuum of 
about 3 x 10-7 torr. An aperture with area of 0.045 cm2 was used during the measurement. 
Device performances were tested using a Keithly 2602 system Source Meter under 
illumination by a simulated 100 mW cm-2 AM 1.5G light source using a 300 W Xe arc 
lamp with an AM 1.5 global filter. Solar-simulator irradiance was calibrated using standard 
silicon photovoltaic with a protective KG1 filter calibrated by the National Renewable 
Energy Laboratory. 
UV/Vis Absorption Spectroscopy: Absorption measurements were performed using a 
Beckman Coulter U800 UV/Vis spectrophotometer. Thin films were prepared by spin-
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coating on top of MoOx covered ITO substrates (same condition as device fabrication) at a 
spin speed of 2000 rpm. 
EQE Measurements: External quantum efficiencies were measured using a 75 W Xe 
source, monochromator, optical chopper, lock-in amplifier, and a NIST calibrated silicon 
photodiode was used for power-density calibration. 
Hole Only Diode Measurements: Hole only devices were fabricated on cleaned, 
UV/ozone treated Corning 1737 glass patterned with 140 nm Indium Tin Oxide. 
Molybdenum oxide (MoOx) was chosen as the bottom contact since it has a deeper work 
function, 5.5 eV, than the HOMO energy of X2. MoOx was thermally evaporated as a 
bottom contact at a rate of 0.2 Å/s with a thickness of 9 nm. The active layer was spin cast at 
2000 rpm for 60 seconds at a 1:1 blend ratio with a total concentration of 20 mg/ml. In order 
to sufficiently reduce electron injection, gold top contacts were thermally evaporated at 0.2 
Å/s with a final thickness of approximately 50 nm. Since the work function of gold, 5.1 eV, 
is deeper than the LUMO of FBR and IDTBR, there will be non-ohmic electron injection 
yielding electron current several orders of magnitude lower than the hole current. The 
electron only diodes were fabricated first by evaporating 20 nm of Aluminum on top of 9 
nm of MoOx. Active layers were then spin coated at 2000 RPM for 60 seconds form a 1:1 
blend ratio with a total concentration of 20 mg/ml, then Calcium (15 nm) and Aluminum 
(100 nm) top contacts were thermally evaporated. Devices were measured in the dark using 
a Keithly 2602 system Source Meter and the Mott-Gurney law for the space-charge-limited-
current (SCLC)43,44 was used to determine the zero field mobility of the layer according to 
the following equation:  
𝐽 =
9
8
𝜀𝜀0𝜇
𝑉2
𝐿3
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where ε is the material’s dielectric constant, ε0 is the permittivity of vacuum, V is the 
applied bias, L is the film thickness, J is the measured current density and μ is the charge 
carrier mobility of the material. 
GIWAXS Measurements: GIWAXS patterns were collected at the Lawrence Berkely 
National Lab Advanced Light Source (ALS). Samples were probed under a helium 
environment to minimize beam damage and reduce diffuse scattering. The measurements 
were calibrated using a LaB6 standard. The crystalline correlation length (CCL) values, 
which provide an estimation of crystallite size and quality, were calculated using the 
Scherrer equation. 
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Chapter 6: Summary and Outlook 
In this dissertation, we explored the processing organic solar cells from 
environmentally friendly, green solvents, and investigated the impact on device morphology 
and performance. We first began by expanding our understanding of green solvent 
processing, by investigating a wide array of molecular donors blended with PC61BC8. We 
found that out of the 5 molecular semiconductors X2, and F3 have the most promise for 
further studies in green solvent processing. X2, while requiring thermal annealing to achieve 
optimal conditions, was able to achieve an efficiency of 5.5%. F3 on the other hand, appears 
to form a more robust and thermally stable morphology brought about by the improved 
phase separation afforded by the fluorinated benthothiadiazole group. Despite this, the 
devices still performed lower than what has been reported in the literature when blended 
with PC61BM, perhaps indicating that the addition of the octyl chain on the fullerene is 
somehow decreasing performance. The hole mobilities of the green solvent processed 
devices are comparable to what has been reported for other high performance small 
molecule devices, indicating the octylester derivative to be the likely culprit for the decrease 
in device performance. If solar cells processed from 2-MeTHF are to rival their 
halogenated/aromatic processed counter parts, the origin of this performance decrease must 
be determined. 
Next, we investigated two new non-fullerene acceptors blended with the high 
performance donor molecule, X2, and determined the feasibility of processing from 2-
MeTHF. Despite having complimentary absorption to X2, FBR device performed rather 
poorly. This was caused by the FBR inhibiting the X2 crystallization, significantly reducing 
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phase separation and development of efficient transport pathways. By switching the fluorene 
core with a more planar indacenodithiophene core, the crystallinity of the acceptor was 
significantly improved, at the cost of complimentary absorption. The improved crystallinity 
of IDTBR did not inhibit X2 crystallization and in fact developed an optimized, and 
thermally stable morphology when cast. This improved morphology better facilitated charge 
separation, yielding a higher Jsc despite not having the complimentary absorption that the 
X2:FBR system had. The results obtained here show the promise that both non-fullerene 
acceptors and green solvent processing have to bring greater sustainability to OPVs. 
Although this concludes the green solvent research covered in this dissertation, the 
field of green solvent processing has been opened up, and many groups have begun to focus 
their efforts on this important field. If organic photovoltaics are ever to become a 
commercially viable product, then environmentally friendly solvents must become the norm. 
Perhaps, large scale production through inkjet printing and roll-to-roll processing using 2-
MeTHF, will someday be commercially available. 
